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ABSTRACT 
 
 
 Vertical-cavity surface-emitting lasers (VCSELs) are currently the most popular 
light source for short-haul optical data communication primarily due to their low cost and 
low operating power. To address the needs for improved data rate, power consumption, 
and device lifetime, various approaches of digital modulation utilizing VCSELs with 
modified structures for mode control are presented. Direct modulation of VCSELs with 
separate optical and current apertures enables high modulation bandwidth of greater than 
18 GHz operating single mode at low current density of less than 6 kA/cm
2
 because the 
current aperture diameter can be increased independent of the optical apertures. 
Polarization modulation of anisotropic VCSELs gives an extinction ratio of greater than 9 
dB and at the same time requires low modulation amplitude of less than 200 mV, due to 
the orthogonality of the polarization states. To achieve polarization modulation requires 
the capabilities of polarization control and polarization switching. Finally, electro-
optically modulated VCSELs with isolated cavity and modulator sections are shown to 
have the potential of digital modulation with a high data rate at low bias current. Design 
and fabrication of these VCSELs along with their characterization results will be 
presented, and approaches to improve their performance will also be suggested. 
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 VCSELs in Optical Communication 
 Vertical-cavity surface-emitting lasers (VCSELs) [1] possess several attributes 
that distinguish themselves from edge-emitting lasers, such as small mode and active 
volume, circular beam output, and light emission along the surface normal of the wafer. 
Small active volume leads to single longitudinal and transverse mode lasing, low 
operating power, relative temperature insensitivity (with lasing wavelength dictated by 
cavity resonance instead of gain peak), and high intrinsic direct modulation bandwidth. 
The circular output beam is a consequence of the isotropic transverse cross section of the 
VCSELs, as opposed to the separate lateral and transverse confinement of edge-emitting 
lasers defined by waveguide or gain extent and epitaxial structure, respectively. The 
surface normal emission comes about because the cavity mirrors are defined by epitaxial 
semiconductor layers instead of cleaved facets, and this also enables on-wafer testing, 
low-cost high-volume production [2], scalability to one- and two-dimensional arrays [3], 
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[4], and easy integration with other optical components [3]. It is the combination of these 
advantages that make VCSELs suitable for short-haul optical data communication [5], [6], 
position [2] and chemical [3], [7], [8] sensing, atomic clock [9], laser printing [10], 
optical data storage [11], and other applications. 
 It is speculated that electrical channels for data transfer have reached a bandwidth 
bottleneck because of excessive loss and dispersion. Thus, data rates beyond 10 Gb/s not 
only have limited transmission length but also require tremendous equalization effort to 
ensure signal integrity which introduces large equalizer complexity as well as increased 
power consumption [12]. There is also crosstalk between electrical signal channels due to 
electromagnetic interference, which does not occur using photons as the signal carriers 
[13]. Naturally, the optical interconnect which has the advantages of low loss, low 
crosstalk, and the capability of multiplexing is proposed as the high bandwidth 
communication solution. IBM projects that the Blue Waters supercomputer will employ 
more than one million optical channels, and that module-to-module or chip-to-chip 
communication will also utilize optical interconnects in the near future [13]. 
As the number of light transmitters employed increases, cost, performance, and 
reliability considerations will all become indispensable. Even though VCSELs are 
virtually the exclusive light source of choice for short-haul optical data communication 
and optical interconnects due to their aforementioned characteristics, there remain 
performance aspects of VCSELs that can be further improved. Notable examples include 
lower power consumption, higher data rate, and narrow spectral width for reduced 
dispersion to achieve longer transmission distance over optical fiber links (which is most 
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applicable for rack-to-rack data communication in data centers). Because of the need to 
apply high bias current to enhance the relaxation oscillation frequency (fr) of VCSELs as 
discussed in Section 1.2, direct modulation has an inherent tradeoff between modulation 
bandwidth and power consumption. It is also found that VCSELs biased at higher current 
density tend to have reduced device lifetime [14], which imposes another tradeoff 
between modulation speed and reliability. In addition, lower peak-to-peak modulation 
voltage (Vpp) to VCSELs can reduce power consumption of driver integrated circuits [15]. 
Currently Vpp is limited to approximately 0.5 to 2 V in typical direct-modulated VCSELs, 
which contributes significantly to the dissipated power of the laser transmitters and 
promotes heat generation which can further degrade the VCSELs in proximity [14]. 
Finally, using VCSELs for data communication requires operation in a temperature 
environment of up to 85 °C [16], and so performance stability against temperature 
variation is another important criterion of a good laser source in such an application. 
For short reach optical communication, the current standard employs a VCSEL 
source in combination with OM3 and OM4 (for future extended reach) multimode fibers 
optimized for 850-nm lasing wavelength [5], [17]. When transmitting signal through fiber 
links, both modal and chromatic dispersion can contribute to signal distortion due to 
differential delay of the different modes and frequency components. Therefore it is 
crucial to use single mode lasers to only allow one lasing mode and have a spectral width 
considerably narrower than found for multimode lasers. This will ensure error-free 
transmission at distances of over hundreds of meters or even exceeding a kilometer of 
fiber, for data center applications. VCSELs operate in single longitudinal mode owing to 
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their short cavity but multiple transverse mode lasing is typical in VCSELs due to their 
relatively large transverse cross section. For oxide-confined VCSELs, which are the most 
widely used in high speed data communication, the common practice is to reduce the 
optical aperture diameter so that only the fundamental mode is allowed, but this also 
comes with the consequences of increased operating current density and high series 
resistance.  
 
1.2 Theory of VCSEL Direct Modulation  
 Direct modulation of VCSELs is the simplest way to create digital signals of 1’s 
and 0’s using high or low output power, where the light output intensity of the lasers 
follows the current injection level. In order to assess the modulation bandwidth of the 
lasers, it is imperative to examine the small signal response of the lasers derived from the 
carrier and photon rate equations [18], [19]: 
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where N is the carrier density, J is the current density, S is the photon density, q is the 
unit charge, ηi is the injection efficiency, d is the active region thickness, τ is the carrier 
lifetime, vg is the photon group velocity, g is the gain coefficient, Γ is the confinement 
factor, τp is the photon lifetime, β is the spontaneous emission factor, and Rsp is the 
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spontaneous emission rate per volume. The gain coefficient is further assumed to be a 
linear function of carrier density 
))((')()( 00 NtNgNgNg           (1.3) 
where N0 is the steady state carrier density and g' is the differential gain. We next assume 
small signal solutions of the form 
)()( 0 tjJtJ         (1.4a) 
)()( 0 tnNtN          (1.4b) 
)(0 tsSS                        (1.4c) 
where j(t), n(t), and s(t) are time-varying signals with small amplitude compared to their 
corresponding DC values J0, N0, and S0. We can further assume that the small signals are 
sinusoidal with angular frequency ω, resulting in the phasors in the frequency domain 
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Substituting Equations (1.4)–(1.5) into Equations (1.1) and (1.2), assuming carrier and 
gain clamping at threshold, neglecting spontaneous emission above lasing, making use of 
the steady-state solutions, and introducing a gain compression factor ε, we arrive at an 
intrinsic small signal modulation transfer function  
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where fr is the relaxation oscillation frequency given as 
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and the damping rate γ is given as 
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where I is the injection current, Ith is the threshold current, and Vm is the mode volume. 
The differential gain is reduced by a factor of (1 + εS0)
-1
 if gain compression is 
considered.  
Most of the parameters in Equations (1.7)–(1.10) can be optimized through device 
structure or epitaxial designs. Typical small signal modulation response curves with 
various current injection levels are calculated and plotted in Fig. 1.1. At low injection 
current, the 3-dB frequency f3dB which is defined as the frequency where the small signal 
response reduces to ½ of the DC value, is primarily determined by fr as 
rdB ff 213           (1.11) 
and hence it is customary to increase bias current to increase both fr and f3dB. This of 
course also results in enhanced damping rate γ which is evident in lowering of the 
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relaxation oscillation peak as seen in Fig. 1.1. Eventually at rf  22 , we see that 
f3dB is equal to fr; the small frequency response becomes critically damped and is a 
monotonically decreasing function of frequency (black line in Fig. 1.1), with the 
damping-limited 3-dB frequency f3dB,damping given as 
K
f dampingdB
22
,3 
          (1.12) 
This is the maximum attainable intrinsic 3-dB bandwidth. 
 
 
 
Fig. 1.1: Theoretical small signal modulation responses with various current injection levels 
defined relative to threshold current; the black curve corresponds to the condition as described by 
Equation (1.12). 
 
The linear portion of fr against 
thII  is characterized by a slope known as the 
D-factor. Even though fr scales linearly with
thII  , it tends to saturate at high current 
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level. This is because several parameters in Equation (1.10) such as the differential gain 
g' and the injection efficiency ηi are sensitive to temperature change, and they tend to 
decrease as temperature rises. Furthermore, the threshold current can increase as 
temperature goes up, which then translates into a sublinear output power versus current 
relation [20] and also results in the sublinear fr versus 
thII   feature. Thus this thermal 
effect can play a role in limiting the 3-dB bandwidth, because if the relaxation oscillation 
frequency saturates before reaching the condition of (1.12), the 3-dB bandwidth is limited 
according to Equation (1.11).     
If shunt electrical parasitics are present, the parasitic effect serves as a low-pass 
filter characterized by a parasitic-limited frequency fp and the total small signal 
modulation response becomes a three-pole transfer function given as [21]  
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The effect of the parasitics is to further lower the modulation response and reduce the 3-
dB bandwidth. 
 In conclusion, there are three limiting factors to the maximum attainable 3-dB 
bandwidth: damping, device heating, and parasitics. Based on years of research and 
analysis by researchers all over the world, it is clear that VCSELs have yet to reach their 
damping-limited bandwidth due to thermal and parasitic effects. 
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1.3 Improving High Speed Performance of VCSELs: State of the Art  
As implied by the small signal modulation response, there are several device 
parameters that can be exploited to improve the modulation bandwidth of the VCSELs. 
The approaches can be separated into three main categories: (1) enhancing the intrinsic 
bandwidth, (2) reducing parasitics, and (3) improving the thermal properties. 
The most commonly employed strategy for intrinsic bandwidth enhancement is to 
use InGaAs/AlGaAs based quantum wells/barriers with compressive strain. Due to the 
modified hole density of states, the differential gain is increased and the transparency 
current is reduced [18], both also lead to lower threshold current. For example, 
introducing 10% of indium in the quantum wells doubles the differential gain, and results 
in a corresponding increase in the D-factor [22]. With all else remaining the same, 
VCSELs containing InGaAs/AlGaAs quantum wells/barriers have higher 3-dB 
bandwidth as compared to VCSELs with GaAs/AlGaAs based quantum wells/barriers 
[23]. Because InGaAs has smaller bandgap than GaAs, some works that demonstrate high 
speed VCSELs with InGaAs-AlGaAs quantum wells/barriers naturally employ shorter 
wavelengths such as 980 nm [24] and 1100 nm [25]. There are also reports that use 
GaAsP barriers for strain compensation to make high speed VCSELs in 980 nm [26] and 
1100 nm [27] with improved reliability. 
Another approach of extending the intrinsic 3-dB bandwidth through active region 
design is to introduce p-doping in the quantum wells, which enhances the relaxation 
oscillation frequency compared to undoped multiple quantum well lasers [28]. The p-
doping helps to push the quasi-Fermi level of the valence band down, which has the 
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effect of increasing the differential gain [18], as well as mitigating the K-factor due to the 
reduced gain compression, resulting in higher 3-dB bandwidth [29]. Such an approach 
has also been employed to fabricate high bandwidth 1.1-µm VCSELs as reported in [25] 
and [27].  
 As indicated by Equation (1.10), smaller device volume can increase the VCSEL 
modulation bandwidth, and this has been proven experimentally. AL-Omari et al. [30] 
reports that the D-factor and the modulation current efficiency factor (or MCEF, the slope 
of 3-dB frequency versus th
II 
characteristic) is inversely proportional to the oxide 
aperture diameter. However, as mentioned in Section 1.1, a smaller current aperture tends 
to increase the series resistance and the operating current density, which are both 
detrimental to high speed performance of the VCSELs. Moreover, the optical loss 
increases drastically as the oxide aperture becomes very small [31], and this has a 
negative impact on laser performance such as increased threshold current and reduced 
differential quantum efficiency. A method of shrinking the mode volume without 
inducing excessive optical loss employs a tapered oxide structure [32] and is utilized to 
produce VCSELs with low threshold current and high data rate operated with low power 
consumption [24]. Note that this method still does not address the issue of high series 
resistance and high operating current density. 
 To reduce the VCSEL optical mode extent in the longitudinal direction, one 
method is to use a half-wavelength-cavity length instead of a one-wavelength-cavity [33]. 
Alternatively, this can be achieved by making the longitudinal penetration depth and 
hence the effective cavity length shorter with higher index contrast in the mirror layers. 
11 
 
For example binary GaAs/AlAs DBR (distributed Bragg Reflector) mirrors [34] (which 
can only be used in VCSELs having longer lasing wavelength such as 980 nm to avoid 
optical absorption in  GaAs) or dielectric-based top DBR mirrors [25], [27] can be used 
since they both have higher index contrast between the high and low index layers. 
 As evident in Equation (1.12), damping can limit the 3-dB bandwidth if parasitic 
and thermal effects are not pronounced. According to Equations (1.8) and (1.9), to reduce 
the damping rate, a straightforward approach is to reduce the photon lifetime by spoiling 
the quality factor of the laser cavity such that the K-factor is lowered. This can be 
achieved through partial etching of the top phase-matching layer of the VCSELs which 
results in a lower top mirror reflectivity. This method is proven to improve the 3-dB 
bandwidth of the VCSELs by 50% [35]. However, there is an optimum etch depth for 
which the 3-dB bandwidth is maximum because as mirror loss increases, the differential 
gain is also reduced and hence there is a tradeoff between relaxation oscillation frequency 
and damping [36]. Consequently, this method requires a precise control of the top phase-
matching layer etch depth.  
 Modal competition can also limit the relaxation oscillation frequency, because 
optical power can spread among the transverse modes of the VCSELs and this effectively 
reduces the D-factor by a factor of 1
mN
 where Nm is the number of transverse modes 
[37]. It is shown that even two modes can impede the increase of fr with increasing bias 
current [24]. Furthermore, whereas index-guided highly multimode VCSELs can exhibit 
a single resonance peak similar to single mode lasers, VCSELs with just a few lasing 
modes can show an anti-crossing behavior and dips in small signal modulation response 
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if the modes are spatially coupled through the carrier reservoir [38], and this could result 
in distortion in the eyes generated by large signal modulation. 
As discussed in Section 1.2, electrical parasitics tend to shunt away the input RF 
power and act as a low-pass filter. The most apparent solution is to decrease the series 
resistance of the VCSELs, which mostly arises from electrical resistance through the p-
type DBR. The most straightforward solution is to increase the doping of the p-DBR, but 
this also enhances free-carrier absorption and increases the threshold current as well as 
lowers the differential quantum efficiency of the VCSELs. As a compromise, a 
sophisticated method with combination of compositional grading at the DBR interfaces 
and modulation doping was developed [39]–[41], resulting in flattened valence band for 
enhanced hole transport and the presence of high doping only where the standing wave 
field intensity is low. This method is adopted in most of the previously mentioned works 
such as in [23] and [24]. A different approach involving the VCSEL epitaxial design 
employs the fact that n-DBR has lower resistivity, and thus “inverted” VCSELs with 
lower resistance can be fabricated on p-type substrate [42] resulting in high speed 
modulation [43]–[45]. 
It is reported that using double intracavity contacts in VCSELs can also produce 
low series resistance, and this not only reduces the dissipated power of the laser but also 
leads to lower Vpp which can bring down the overall power consumption of the 
transmitters including the driver circuits [15]. The advantage of using double intracavity 
contacts is to bypass the resistive DBR mirrors. The Vpp can be reduced to a record low 
75 mV and still maintain an extinction ratio of 6.5 dB as reported in [15]. Another 
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method of attaining low series resistance for high modulation bandwidth is through the 
use of a buried tunnel junction in combination with dielectric top DBR [25], [27]. Again 
the highly resistive top DBR is avoided, and the tunnel junction also helps to increase 
injection uniformity and hence enhance the differential gain, resulting in high 3-dB 
bandwidth of 24 GHz [25].  
 Another major parasitic component is associated with capacitive elements. Most 
of these elements can be approximated by parallel plate capacitors governed by the 
equation 
d AC
t

               (1.14) 
where C is the capacitance, A is the device area, t is the thickness of the dielectric, and εd 
is the permittivity or dielectric constant of the dielectric material between the conducting 
plates. In all the previously mentioned works, VCSEL mesas are etched and the resultant 
devices are planarized with a low-permittivity polymer such as bisbenzocyclobutane 
(BCB) or polyimide [46] to replace semiconducting material which has a high dielectric 
constant under the metal pads to reduce the pad capacitance [45]. A second method of 
reducing the pad capacitance is to fabricate VCSELs on undoped, semi-insulating 
substrate [23], [24]. As reported by [24], the authors even remove the n-layer that is 
directly underneath the metal pad to achieve the lowest possible pad capacitance. 
 To reduce the VCSEL mesa capacitance, the most straightforward method is to 
produce mesas that are small (smaller A) and tall (larger t) according to Equation (1.14), 
but this tends to compromise the thermal conductivity of the devices [26]. To allow for 
larger mesas with lower thermal impedance, there are several methods to render the top 
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mesa area surrounding the active region nonconducting, which effectively increase the 
thickness of the mesa capacitor. For example, ion implantation can be employed for such 
purpose, and can be used in combination with either oxidation [43], [47] or buried tunnel 
junctions [25] in VCSELs. The same strategy can also be implemented with 
nonconducting thick oxide layers placed on top of the active region defining lateral oxide 
layer [48], [34], provided that these oxide layers consist of lower Al content for slower 
oxidation rate. Similarly, a double oxide aperture configuration [49], [23], [33] also 
provides the same effect of increasing the mesa capacitor thickness.   
 High series resistance not only results in enhanced parasitics, but also exacerbates 
ohmic heating in the VCSELs. It is shown that for low parasitic VCSELs, 3-dB 
bandwidth can indeed be limited thermally [30]. The same authors show that copper-
plated heatsinks around the VCSELs can reduce thermal impedance of the devices, but 
the copper structures also inadvertently introduce an extra parasitic element [50]. A very 
different approach involves using binary GaAs/AlAs DBRs in the high speed VCSELs 
[23], because the thermal conductivity of AlAs (~ 90W/m/K) is much higher than that of 
Al0.9Ga0.1As (~ 25W/m/K) [44] due to the absence of phonon alloy scattering in the 
binary material.   
 Because most of the device parameters such as differential gain and threshold 
current degrade at high temperature, the gain peak should be designed to be spectrally 
blue-shifted from the cavity resonance by about 10 to 20 nm [44] so that the gain peak 
and the resonance peak come into spectral alignment at high temperature [51]. Such an 
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approach can produce VCSELs with modulation bandwidth that is highly stable against 
temperature increase to 85 ºC [26]. 
 There have been proposals to use 980-nm VCSELs for high speed applications 
because they enable using binary DBR (as explained above), bottom emission (therefore 
they can be bonded junction down to the heatsinks and also have higher packing density), 
deeper quantum wells for higher temperature stability, and larger compressive strain [34]. 
Based on the Bernard-Duraffourg’s condition, longer wavelength emission from lower 
bandgap materials results in lower threshold voltage, which effectively reduces the 
applied voltage and hence the power consumption. 
 Through tremendous efforts in research and engineering, many research groups 
have been able to create multimode VCSELs operating at low current density: e.g AL-
Omari and Lear [52] report 15 GHz 3-dB bandwidth at 6.4 kA/cm
2
 current density 
(oxide-confined VCSELs with inverted polarity); Chen et al. [53] demonstrate 25 Gb/s 
modulation at 7.4 kA/cm
2
 (proton-implanted photonic crystal VCSEL); Mutig et al. [54] 
report 18 GHz 3-dB bandwidth at 7 kA/cm
2
; Westbergh et al. [36] fabricate oxide 
VCSEL that operates error-free 38 Gb/s back-to-back (BTB) and 35 Gb/s through 100-m 
multimode fiber operating at ~ 10 kA/cm
2
. Due to the need for small oxide aperture, 
single mode or quasi-single mode oxide VCSELs appropriate for long-distance 
transmission have higher operating current density of > 17 kA/cm
2
 [55]–[57]. On the 
other hand, single mode VCSEL operating at 12.5 Gb/s (3-dB bandwidth of 15 GHz) is 
achieved at 8.4 kA/cm
2
 through the use of photonic crystal for optical confinement and 
proton-implantation for current confinement [58]. Utilizing concepts from [58], this 
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thesis will demonstrate single mode VCSELs with 3-dB bandwidth > 18 GHz at current 
density of < 6 kA/cm
2
 and quasi-single mode VCSEL with 3-dB bandwidth > 13 GHz at 
current density of < 1.5 kA/cm
2
. Such performance will enable high digital modulation 
rate in single mode VCSELs with the potential of high reliability.   
  
1.4 Scope of Work 
The primary focus of this dissertation is to address the issues of modulation 
bandwidth, power consumption, spectral width, and device reliability in short-haul data 
communication systems employing VCSELs. Different modulation schemes enabled by 
modified VCSEL structures will be examined. Each modulation scheme has its own 
advantages and shortcomings, and they will be discussed extensively in each chapter to 
follow.  
Due to the fact that direct modulation is the most popular and simplest modulation 
scheme, a significant portion of this dissertation will be dedicated to direct modulation of 
VCSELs. However, there is an effort to separate the optical and current aperture of the 
VCSELs in this thesis so that another design degree of freedom is added. In this manner, 
optimization can be made to improve high speed performance of the VCSELs without the 
tradeoffs mentioned previously. In addition, alternative modulation schemes where the 
bandwidth is independent of relaxation oscillation frequency (hence eliminating the need 
for high bias current) such as polarization mode modulation and electro-optic modulation 
will be explored. These approaches need a special cavity configuration enabled by higher 
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complexity of design and fabrication, but due to decoupling of high-bias and high-speed 
requirements, they can potentially lead to low power light transmitters. 
Chapter 2 discusses direct modulation of VCSELs with separated optical and 
current apertures. Proton implantation provides current confinement and a photonic 
crystal is employed for optical confinement. In this manner narrow spectral linewidth, 
high modulation bandwidth, and low current density can be maintained simultaneously 
without the need to reduce the current aperture diameter. Chapter 2 presents device 
design and fabrication, DC characteristics (primarily light output and voltage versus 
current or LIV as well as modal properties), small and large modulation results, and 
future directions to improve high speed performance of photonic crystal VCSELs. 
Chapter 3 focuses on polarization modulation of VCSELs with anisotropic cavity 
geometry and injection. Due to orthogonality of the polarization states, high extinction 
ratio and low Vpp digital modulation utilizing polarization switching is enabled. Device 
design and fabrication, polarization selectivity and polarization switching, preliminary 
polarization modulation results, and proposed strategies to improve polarization 
selectivity are presented. Concluding remarks regarding direct and polarization 
modulation in VCSELs will be made in Chapter 4.  Included also in Chapter 4 is a 
preliminary discussion of electro-optic modulation of oxide-confined VCSELs. It 
discloses details about device design and fabrication, DC properties, and future work to 
be conducted for such VCSELs.  
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CHAPTER 2 
DIRECT MODULATION OF SINGLE MODE VCSELS 
 
 
2.1 Introduction 
 In this chapter the small and large signal characteristics of photonic crystal 
VCSELs designed for single mode operation will be presented. Single mode VCSELs 
have the advantage of higher D-factor as discussed in Chapter 1, and when used in data 
communication, enable error-free transmission over longer optical fiber links due to the 
absence of modal dispersion and low chromatic dispersion. Also mentioned in Chapter 1 
is the need to reduce the oxide apertures diameter to achieve single mode lasing for 
conventional oxide-confined VCSELs. However, a smaller oxide diameter not only 
results in higher series resistance but also high operating current density leading to 
degraded device lifetime. In this thesis, by using photonic crystal for optical confinement 
and proton implantation for current confinement, the optical and current apertures can be 
separated, hence their relative sizes can be independently designed and optimized to 
enable high data rate with narrow spectral width and yet low operating current density. 
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  Numerous methods have been proposed and demonstrated to obtain fundamental 
mode lasing in VCSELs. The approaches to promote single-mode VCSEL lasing belong 
to three main categories: (1) a small optical aperture for a single mode waveguide that 
only supports the fundamental mode, (2) preferentially pumping the fundamental mode 
by creating a gain area smaller than all but the fundamental mode [1], [2], and (3) 
introducing greater losses such as diffraction loss [3], scattering loss [4], free carrier 
absorption [5], [6], antiguiding [7], [8], or mirror loss [5], [6], [9]–[12] to the higher order 
modes. Nevertheless, not all of these methods produce high side-mode suppression ratio 
(SMSR) or maintain single-mode lasing throughout the whole operating current range 
from lasing threshold to maximum power. Furthermore, the majority of these techniques 
require complex fabrication steps, precise control of processing parameters or specialized 
epitaxial structures that are specific to a particular wavelength, all of which inhibit 
VCSEL manufacturability. Using a photonic crystal to define the optical cavity is a 
proposed method for transverse mode control in VCSELs [13], [14]. In fact the photonic 
crystal as presented in this thesis utilizes a combination of single mode waveguide [15] 
and loss selectivity [16], [17] to enable stable single mode operation throughout the entire 
operating current range. Both optical and current apertures are defined with conventional 
optical photolithography, hence the VCSELs are considered manufacturable. Certain 
photonic crystal designs employed in this work yield single mode operation for a wide 
range of etch depth independent of operating wavelength [18].  
The transverse index profile in photonic crystal (PhC) VCSELs resembles that of 
a step index fiber much like a photonic crystal fiber [19]. A photonic crystal in the form 
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of periodic air holes etched into the top DBR, with a defect created by removing an air 
hole in the center of the photonic crystal structure, forms the cladding and the core region, 
respectively. The cladding region has a lower average effective index [15] as well as 
higher optical loss [16], [17], therefore is characterized by a complex refractive index. 
The photonic crystal design parameters that are produced by photolithography are the 
hole pitch a and hole diameter b, whereas the etch depth can be controlled during etching 
of the air holes. 
 
2.2 Photonic Crystal VCSEL Design and Fabrication  
The hexagonal lattice photonic crystal structure forms the waveguide, therefore it 
determines the modal properties of the VCSELs. An optical mask with 10 photonic 
crystal designs that have been shown to yield single mode lasing [18], [20] in addition to 
being conducive for photolithography definition is employed to fabricate high speed PhC 
VCSELs (see Table 2.1 (a)). This mask is designated as Mask A. Another mask set 
designated as Mask B contains five PhC designs as summarized in Table 2.1 (b). Mask A 
is adapted from what was used for fabricating high speed oxide-confined PhC VCSELs 
[20], consists of square mesas ranging from 41 to 32 µm in the step of 1 µm, whereas 
Mask B contains 42 µm diameter round mesas for all five PhC designs. 
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Table 2.1: (a) Ten photonic crystal designs on Mask A. 
Design b/a a (μm) b (μm) 
1 0.6 5 3 
2 0.7 4.5 3.15 
3 0.6 4.5 2.7 
4 0.7 4 2.8 
5 0.6 4 2.4 
6 0.7 3.5 2.45 
7 0.6 3.5 2.1 
8 0.5 3.5 1.75 
9 0.7 3 2.1 
10 0.6 3 1.8 
 
 (b) Five photonic crystal designs on Mask B. 
Design b/a a (μm) b (μm) 
1 0.7 3 2.1 
2 0.6 3 1.8 
3 0.7 3.5 2.45 
4 0.6 3.5 2.1 
5 0.7 4 2.8 
 
For a given photonic crystal design, the implant aperture should not be much 
larger than the optical aperture so that diffusion capacitance and threshold current can be 
restricted to low values. Diffusion capacitance is exacerbated by the size mismatch 
between the current and the optical apertures, and can translate into long rise time in eye 
patterns [21]. It is well known that the threshold current scales with the active volume of 
the laser [22], [23], so excessively large device size should be avoided if low operating 
power is desired. For Mask A, the implant aperture is designed to be 2a + b + 4, which is 
essentially the top contact opening size (see the following paragraph) plus an additional 4 
µm such that the top contact will overlap the implant aperture as shown in Fig. 2.1 (a). 
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An implant aperture size of this design provides a compromise between low operating 
current density and mitigating diffusion capacitance. The strategy of Mask B is orientated 
toward low current density and high fabrication tolerance, therefore the implant apertures 
are 2a + b + 8, as seen in Fig. 2.1 (b). 
 
  
 
 
Fig. 2.1: Current aperture, optical aperture, and top contact design layout of (a) Mask A and (b) 
Mask B. 
 
In this thesis, by allowing metal to be deposited within the photonic crystal air 
holes, except for those in the innermost period that immediately surrounds the defect (see 
Fig. 2.1), the top contacts of the VCSELs overlap the implant apertures to ensure low 
series resistance [24]. Consequently, there are three separate degrees of freedom for 
designing and optimizing the current aperture, optical aperture, and contact opening 
dimensions for the purpose of low current density single mode emission. For Masks A 
and B, the top contact inner dimension is 2a + b (PhC defect diameter plus the size of one 
ring of air holes) and 2a + b + 4 (4 µm larger than that of Mask A), respectively. In fact, 
(a) (b) 
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having metal in the photonic crystal air holes does not introduce excessive absorption 
loss to the VCSELs due to strong confinement of the optical modes in the core region, as 
will be shown in Section 2.3.  
The PhC VCSELs are fabricated on p-up epitaxial wafers. Samples fabricated 
with both Mask A and B use the same fabrication procedure. Device fabrication begins 
with plasma-enhanced chemical vapor deposition (PECVD) of 400-nm silicon oxide 
(SiO2) on the wafer surface. The photonic crystal patterns and surrounding mesas are 
patterned simultaneously using AZ5214E photoresist (PR) and photolithography, which 
is then used as the etch mask for a subsequent Freon (CF4) reactive-ion etching of the 
SiO2. Next a high energy (340 keV) proton implantation with 5 x 10
14
 cm
-2
 dosage for 
current confinement follows, which uses thick (~ 8 µm) photolithography-patterned 
AZ9260 masks aligned to the features on the SiO2 layer. 
After removing the AZ9260 implant masks, both PhC structures and mesas are 
etched simultaneously with inductively coupled plasma reactive-ion etching (ICP-RIE). 
The mesas are etched to the low Al layer of the fifth DBR period in the bottom DBR 
using an in situ reflectometry setup. The reduced etch rate in the holes due to the aspect 
ratio scaling of etch rate [25] prevents the photonic crystal air holes from penetrating the 
active region. This is essential to avoid introducing nonradiative surface recombination to 
the VCSELs, which can result in excessive heating and degradation of laser performance 
[26]. Subsequently, bottom n-type contacts (AuGe–Ni–Au) and top p-type contacts (Ti–
Au) are deposited on the wafer top surface using conventional electron-beam evaporation 
and liftoff process. A scanning electron microscope (SEM) image of a PhC VCSEL 
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processed up to contact deposition using Mask A is shown in Fig. 2.2 (a), with a 
magnified view of the PhC structure in Fig. 2.2 (b) showing the high fidelity air holes 
produced by photolithography definition and the highly isotropic ICP-RIE. Because ICP-
RIE precedes top contact deposition, metal is deposited in the PhC air holes, which is 
also apparent in Fig. 2.2 (b). 
 
    
 
 
Fig. 2.2: (a) SEM image of a PhC VCSEL processed up to contact deposition. (b) Magnified view 
of the PhC structure indicating high fidelity air holes and metal deposited into the air holes. 
 
Following the electrical contact deposition, the VCSELs are planarized with 
negative tone polyimide HD-4001 to produce metal ramp openings by standard 
photolithography processing. A high temperature curing up to 365 °C in an oven with 
constant nitrogen flow shrinks the polyimide from 7 to 4 µm and removes the remaining 
solvent in the polyimide. A short CF4/O2 RIE is employed to remove residual polyimide 
in the metal ramp openings. Finally, coplanar interconnect ground-signal-ground (GSG) 
fan metal pads consisting of Ti (to promote adhesion) and Au (thickness > 300 nm) are 
deposited to facilitate high speed measurements. Note that top contacts, bottom contacts, 
(a) (b) 
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and fan metal liftoff process employs thick AZ9260 photoresist because after ICP-RIE, a 
topological difference of ~ 4 µm between the top of the mesas and the etched field is 
created. SEM images of completed devices using Mask A and B are shown in Fig. 2.3 
and Fig. 2.4, respectively. 
Note that Mask A is utilized to fabricate VCSELs on Sample A and B with 
strained InGaAs quantum wells, whereas Mask B is used to make VCSELs on Sample C 
which contains unstrained GaAs quantum wells. Table 2.2 summarizes the epitaxial 
structures of the various samples investigated in this chapter. A detailed fabrication 
follower for the high speed PhC VCSELs can be found in Appendix A.   
 
 
 
Fig. 2.3: SEM image of a completed PhC VCSEL with square mesa fabricated using Mask A. 
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Fig. 2.4: SEM image of a completed PhC VCSEL with round mesa fabricated using Mask B. 
 
Table 2.2: Epitaxial structures of the samples investigated in this chapter. 
Sample Active Region Wavelength 
Number of 
Top DBR Periods 
Substrate 
A InGaAs strained quantum wells 860 nm 23 Undoped 
B InGaAs strained quantum wells 840 nm 23 Undoped 
C GaAs unstrained quantum wells 850 nm 21 n-type 
 
2.3 DC Characteristics: LIV and Modal Properties  
For DC or continuous wave measurements, the VCSELs are biased with two 
single pin probes across the top and bottom contacts and are characterized on a probe 
station. An optical microscope serves to image the devices on wafer with the image 
projected onto a computer monitor screen. A Keithley 236 voltage/current source is used 
to inject the VCSELs with fixed current levels for spectral measurements. Light output 
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from the VCSELs is collected by a multimode fiber coupled to the microscope objective, 
and lasing spectra is measured with an Agilent 86141B optical spectrum analyzer (OSA). 
A spectral resolution of 0.06 nm and a sensitivity of –70 dBm are set for typical spectral 
measurements. To perform light-current-voltage (LIV) measurements, an Agilent 4156C 
semiconductor parameter analyzer (SPA) varies the injection current, and both voltage 
across devices as well as photocurrent collected by a calibrated broad area Si 
photodetector which is then converted to optical power based on detector responsivity 
can be measured, processed, and displayed.  
The RMS spectral width of the VCSELs is calculated with Equation (2.1) based 
on the IEEE 802.3 Standard: 

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where Pi is the power of each spectrum data point, Ptot is the sum of all the power points, 
and λi is each wavelength point. The standard procedure adopted in the industry is to 
discard any data point that is 20 dB below the maximum power [27]. A MATLAB 
program dedicated to such calculation is provided in Appendix B.  
Using Mask A, both implant only and proton-implanted PhC VCSELs are 
fabricated on Sample A and compared. As shown in Fig. 2.5 (a), a proton-implanted 
VCSEL with 11.8 µm implant diameter (the smallest on the mask) exhibits a relatively 
high threshold current around 2 mA due to the lack of strong index guiding and hence 
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high diffraction loss. The LI discontinuity (at about 12.5 mA in Fig. 2.5 (a)) which 
accompanies an abrupt far-field profile change [28] is also present in the implant-only 
VCSEL. As seen in Fig. 2.5 (b), the VCSEL is shown to be highly multimode; in fact the 
higher order modes dominate over the fundamental mode at maximum power. The 
spectral width is 0.36 nm which is relatively broad, due to the many higher order modes 
that lase at this injection current.  
 
   
 
 
Fig. 2.5: (a) LIV of an implant-only VCSEL on Sample A with current aperture of 11.8 µm. (b) 
Lasing spectrum of such VCSEL taken at its maximum power. 
 
Using a photonic crystal (Design 10 of Table 2.1 (a), b/a = 0.6, a = 3 µm) for 
index confinement, the threshold current of PhC VCSEL is reduced by half to 1 mA and 
no LI discontinuity is observed, as evident in Fig. 2.6 (a). The low threshold current also 
indicates that excessive loss is not introduced by metal deposited in photonic crystal air 
holes. Figure 2.6 (b) shows the PhC VCSEL’s lasing spectrum, which is highly single 
mode with a side-mode suppression ratio (SMSR) of greater than 40 dB and has an 
extremely narrow spectral width of 0.03 nm. The drawback of etching the photonic 
(a) (b) 
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crystal is the electrical and thermal resistances are increased due to removal of 
conducting semiconductor in the top DBR. This is evident by the higher bias voltage, and 
also the reduction of maximum output power of the PhC VCSEL (compare Fig. 2.5 (a) 
and 2.6 (a)). The injection current level at which the maximum output power is obtained 
is related to the thermal properties of the VCSELs [26]. The higher electrical and thermal 
resistances can be minimized by creating PhC with fewer air holes, as will be discussed 
in Section 2.5.   
 
  
 
 
Fig. 2.6: (a) LIV of a single mode photonic crystal VCSEL on Sample A with b/a = 0.6, a = 3 µm 
and the same current aperture as the VCSEL shown in Fig. 2.5. (b) Lasing spectrum of such 
VCSEL taken at its maximum power (lower than that of the implant-only VCSEL). 
 
PhC VCSELs with different photonic crystal designs can possess dramatically 
different laser properties. In Fig. 2.7, LIVs of PhC VCSELs on Sample B with the same 
hole pitch (a = 3.5 um) but different hole sizes (b/a = 0.5 and 0.7) are compared. For b/a 
= 0.7, both the hole size and etch depth is larger, which results in optical modes that are 
more tightly confined in the core region and which have lower diffraction loss as well as 
(a) (b) 
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reduced scattering and mirror loss due to less spatial overlap with the lossy cladding 
region. Consequently, the VCSEL with larger b/a ratio has a lower threshold current 
(0.45 mA) and a higher differential quantum efficiency (11%), compared to the VCSEL 
with b/a = 0.5 (threshold current = 1 mA and differential quantum efficiency = 5.5%). 
However, due to the higher volume of removed conducting material, the series resistance 
and bias voltage are higher for the VCSEL with b/a = 0.7, and it indeed has a lower 
maximum-power current (not shown) due to excessive heating. Therefore, there is a 
tradeoff between obtaining low series resistance and low threshold current when 
choosing PhC design for improved laser performance. 
 
  
 
 
Fig. 2.7: Comparison of (a) threshold current and (b) IV curves between VCSELs with the same 
hole pitch a = 3.5 but different b/a of 0.7 and 0.5, on Sample B. 
 
 By allowing the optical and current aperture to increase in diameter, the series 
resistance of the PhC VCSELs can be reduced significantly. For example, even though 
the hole size of Design 5 of Table 2.1 (a) (b/a = 0.6, a = 4 µm) is 2.4 µm (compared to 
1.8 µm of Design 10), because the implant aperture is larger (14.4 µm), the series 
(a) (b) 
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resistance is only 86 Ω at the injection current of 5 mA, whereas the device in Fig. 2.6 
has a series resistance of 201 Ω at the same current level. Note that both VCSELs are 
fabricated on Sample A. The LIV of a PhC VCSEL with Design 5 is shown in Fig. 2.8 (a), 
and its lasing spectrum at rollover is exhibited in Fig. 2.8 (b). Due to the side mode 
suppression ratio of 21 dB and relatively narrow spectral width of 0.029 nm, this VCSEL 
may still enable a fiber link transmission distance as great as a single mode VCSEL. 
Moreover, the VCSEL in Fig. 2.8 will not be power limited because of its higher 
maximum-power current. This VCSEL would also require lower drive and modulation 
voltage to achieve error-free transmission. 
 
  
 
 
Fig. 2.8: (a) LIV of a photonic crystal VCSEL on Sample A with b/a = 0.6, a = 4 µm (Design 5 in 
Table 2.1 (a)). (b) Lasing spectrum of such VCSEL taken at its maximum power. 
 
Using Mask B to create PhC VCSELs on a sample with different epitaxial 
structure (Sample C), a PhC VCSEL (Design 3 of Table 2.1 (b), b/a = 0.7 and a = 3/5 µm) 
with low threshold current of 0.43 mA is achieved as seen in Fig. 2.9 (a) which shows the 
LIV of the VCSEL. The low threshold current is obtained due to high mirror reflectivity 
(a) (b) 
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from the higher index contrast between the high and low index DBR layers of this sample 
(Al0.1Ga0.9As–AlAs) as well as deeper proton implant projected range into the top DBR 
mirror. This VCSEL is considered quasi-single mode because the side mode suppression 
ratio between the fundamental mode and the first higher order mode is only about 16 dB 
at injection current of 5 mA (see Fig. 2.9 (b)), and hence the RMS spectral width is also 
wider at 0.16 nm. 
 
  
 
 
Fig. 2.9: (a) LIV of a quasi-single mode photonic crystal VCSEL with b/a = 0.7, a = 3.5 µm 
(Design 3 of Table 2.1 (b)) and current aperture = 17.45 µm, fabricated on Sample C. (b) Lasing 
spectrum of such VCSEL taken at injection current of 5 mA. 
 
2.4 Small and Large Signal Modulation Results 
2.4.1 Experimental Setup for Small Signal Modulation Response 
To investigate the small signal frequency response of the VCSELs, we can 
perform S-parameter measurements using a vector network analyzer. The small signal 
modulation response is the transmitted light output signal converted into electrical signal 
as detected by the photodiode in response to a small RF modulation signal sent to the 
(a) (b) 
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laser. The experimental setup for such measurement is shown in Fig. 2.10. The device 
under test, as encompassed by red dashed line, includes the high speed ground-signal-
ground (GSG) electrical probe, the VCSEL, the lensed fiber probe, the optical fiber, and 
the photodetector. The vector network analyzer (VNA) Agilent E8368B used in the 
measurements can operate up to 40 GHz. It also has the capability of combining its RF 
component with an external DC source, eliminating the need for a bias-tee which could 
introduce signal loss and frequency response roll-off. The New Focus 1434-50 
photodetector used has a 3-dB bandwidth of 25 GHz and an FC 50-µm multimode fiber 
input. The VCSELs are tested on a probe station equipped with an optical microscope 
and a CCD camera attached to a monitor. 
 
 
 
Fig. 2.10: Experimental setup of small signal modulation response measurements. 
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Before performing measurements on VCSELs, a full two-port calibration is 
carried out to remove the systematic errors introduced by the VNA, the cables, the 
adapters, and the connectors. According to the manufacturers, the high speed electrical 
probe, the lensed fiber probe, the optical fiber, and the photoreceiver all have relatively 
high cutoff frequency so it is assumed that frequency roll-off observed on the VNA is 
entirely due to that of the VCSELs. To obtain response curves with high signal-to-noise 
ratio and to suppress spurious signals, the VNA is set to a sufficiently high input RF 
power of –10 dBm, high averaging in both time (30 times) and frequency domain (known 
as smoothing, set to 4.87%), and low IF bandwidth of 5 kHz. The optical signal collected 
by the photodetector can be maximized by monitoring the voltage level of a Fluke 179 
multimeter connected to the DC bias monitor of the photodetector. 
 
2.4.2 Small Signal Modulation Results 
As discussed in Sections 2.3, several photonic crystal designs yield single mode 
VCSELs. Figure 2.11 shows the small signal modulation response curves with various 
bias currents (2x, 3x, 4x… threshold current) for a PhC VCSEL with Design 9 in Table 
2.1 (a) (b/a = 0.7, a = 3 µm). The maximum 3-dB bandwidth of 18.5 GHz is obtained at a 
current level 6 times the threshold, which corresponds to an operating current density of 
5.1 kA/cm
2
 (using the nominal current aperture diameter of 12.1 µm). This VCSEL has a 
side mode suppression ratio of greater than 40 dB and extremely narrow RMS spectral 
width of 0.032 nm. 
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Fig. 2.11: Small signal modulation response curves with various bias currents of a PhC VCSEL 
on Sample A with Design 9 of Table 2.1 (a) (b/a = 0.7, a = 3 µm). 
 
A PhC VCSEL with the same hole pitch but different hole diameter (Design 10, 
b/a = 0.6, a = 3 um, device of Fig. 2.6) also has a high maximum 3-dB bandwidth of 18.3 
GHz, as shown in Fig. 2.12, albeit with a slightly higher operating current density of 5.4 
kA/cm
2
 (nominal implant aperture diameter of 11.8 µm). Similarly, the device has an 
SMSR of > 40 dB, and narrow RMS spectral width of 0.038 nm. Note that this and the 
prior VCSEL have roughly the same threshold current, but at ~ 5.8 mA injection current 
where the 3-dB bandwidth is maximum, Design 10 has a higher output power of 0.42 
mW compared to 0.32 mW given out by Design 9, presumably due to better thermal 
conductivity consistent with the higher maximum-power current (not shown). Therefore 
the PhC VCSEL of Design 10 might be more suitable for high speed direct modulation 
because of its potentially greater extinction ratio under large signal modulation. 
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Fig. 2.12: Small signal modulation response curves with various bias currents of a PhC VCSEL 
on Sample A with Design 10 of Table 2.1 (a) (b/a = 0.6, a = 3 µm). 
 
To ensure repeatability with the photonic crystal designs, the same mask design is 
utilized to fabricate high speed single mode VCSELs on a wafer with different epitaxial 
structure. On Sample B, a PhC VCSEL with Design 10 of Table 2.1 (a) (b/a = 0.6, a = 3 
um) has a maximum 3-dB bandwidth of 18.3 GHz, as shown in Fig. 2.13. However, it has 
to be operated at a higher bias current of 6.5 mA (7 times threshold current) 
corresponding to higher current density of 6 kA/cm
2
 to acquire the maximum 3-dB 
bandwidth, though a slightly lower 3-dB bandwidth of 17.7 GHz can readily be obtained 
at 5.6 mA (corresponding to current density of 4.9 kA/cm
2
). The device also has high 
SMSR of 40 dB and narrow RMS spectral width of 0.032 nm.  
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Fig. 2.13: Small signal modulation response curves with various bias currents of a PhC VCSEL 
on Sample B with Design 10 of Table 2.1 (a) (b/a = 0.6, a = 3 µm). 
 
By allowing for a larger optical aperture (i.e. a larger photonic crystal defect) and 
hence a slightly smaller D-factor, maximum 3-dB bandwidth of 16.5 GHz can still be 
achieved as indicated by Fig. 2.14. The PhC VCSEL is with Design 8 of Table 2.1 (a) 
(b/a = 0.5, a = 3.5 um) and is fabricated on Sample B. Even though the side-mode 
suppression ratio is lower at 34 dB, the operating current density is lower at 5.5 kA/cm2 
(nominal implant aperture = 12.75 µm). 
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Fig. 2.14: Small signal modulation response curves with various bias currents of a PhC VCSEL 
on Sample B with Design 8 of Table 2.1 (a) (b/a = 0.5, a = 3.5 µm). 
 
VCSELs fabricated on Sample C also show high 3-dB bandwidth, but most 
importantly they have extremely low operating current density due to the larger designed 
implant aperture. With Design 2 of Table 2.1 (b) (b/a = 0.6, a = 3 µm), a high speed PhC 
VCSEL with 3-dB bandwidth of 13.8 GHz is achieved at 2.9 mA (5x threshold current) 
as shown in Fig. 2.15. With a nominal implant aperture of 15.8 µm, this gives an 
operating current density of 1.5 kA/cm
2
. The VCSEL has an SMSR of 21 dB and RMS 
spectral width of 0.023 nm at 5.8 mA, therefore it will give sufficiently narrow spectral 
width at 2.9 mA for long transmission distance over fiber links. 
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Fig. 2.15: Small signal modulation response curves with various bias currents of a PhC VCSEL 
on Sample C with Design 2 of Table 2.1 (b) (b/a = 0.6, a = 3 µm). 
 
Similarly, various photonic crystal designs give high bandwidth, low current 
density PhC VCSELs on Sample C. With Design 3 of Table 2.1 (b) (b/a = 0.7, a = 3.5 
µm, device of Fig. 2.9), a high speed PhC VCSEL with higher 3-dB bandwidth of 16.2 
GHz (see Fig. 2.16) is achieved at an operating current density of 1.3 kA/cm
2
 using a bias 
current of 3 mA and nominal implant aperture of 17.45 µm. The VCSEL has an SMSR of 
15.7 dB and larger RMS spectral width of 0.16 nm at 5 mA, but this might still be 
sufficient to lower chromatic dispersion in fiber transmission. This VCSEL also has a 
very high MCEF of 12 mA
1/2
, as shown in Fig. 2.17, which is a plot of 3-dB frequency 
against th
II 
 (the MCEF is the slope of the linear portion of the curve). The high 
MCEF can be attributed to the superior injection efficiency ηi and short mirror 
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penetration length due to the use of high index contrast DBR mirrors of Sample C, even 
though the quantum wells are unstrained.   
 
 
 
Fig. 2.16: Small signal modulation response curves with various bias currents of a PhC VCSEL 
on Sample C with Design 3 of Table 2.1 (b) (b/a = 0.7, a = 3.5 µm). 
 
Finally, a summary of the small-signal modulation results of the various photonic 
crystal VCSELs shown in Figures 2.11–2.16 is given in Table 2.3.   
47 
 
 
 
Fig. 2.17: 3-dB frequency against (I-Ith)
1/2
. The linear portion of the curve represents the MCEF. 
 
Table 2.3: Summary of small-signal modulation results of the photonic crystal VCSELs 
investigated. 
Corresponding 
Figure 
Sample b/a 
a 
(µm) 
SMSR 
(dB) 
Maximum 3-dB 
Bandwidth 
or f3dB,max 
(GHz) 
Current Density 
Where f3dB,max  
Is Obtained 
(kA/cm
2
) 
2.11 A 0.7 3 > 40 18.5 5.1 
2.12 A 0.6 3 > 40 18.3 5.4 
2.13 B 0.6 3 > 40 18.3 6 
2.14 B 0.5 3.5 34 16.5 5.5 
2.15 C 0.6 3 21 13.8 1.5 
2.16 C 0.7 3.5 16 16.2 1.3 
 
2.4.3 Large Signal Modulation Results 
Preliminary large signal modulation results have also been obtained for a few PhC 
VCSELs. The measurements are performed with nonreturn-to-zero (NRZ) pseudorandom 
bit sequence (PRBS) of word length of 2
7 – 1, Vpp of 0.55 V, and transmission over 3-m 
Slope = MCEF = 12 mA1/2 
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(back-to-back) OM3 multimode fiber at room temperature. Both eye patterns and bit 
error rate (BER) are inspected for these PhC VCSELs. 
For a PhC VCSEL on Sample A with Design 5 of Table 2.1 (a), an eye pattern is 
shown in Fig. 2.18 (a), indicating open eye at 30 Gb/s when the device is biased at 11 mA. 
Error-free transmission is achieved for 25 Gb/s and 30 Gb/s at bias current of 10 mA 
(corresponding to current density of 6.1 kA/cm
2
) with a power penalty of 2 dBm when 
operating at the higher data rate. A single mode PhC VCSEL on Sample A with Design 
10 of Table 2.1 (a) also gives open eye at 25 Gb/s (see Fig. 2.19 (a)) when biased at 5 mA. 
With such bias level, BTB error-free transmission can be obtained at operating current 
density as low as 4.3 kA/cm
2
.  
 
  
 
 
Fig. 2.18: (a) Eye pattern of a PhC VCSEL on Sample A with Design 5 of Table 2.1 (a), at 30 
Gb/s. Time division is 10 ps/division. (b) BER curves of the same VCSEL operated at 25 and 30 
Gb/s. 
 
(a) (b) 
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Fig. 2.19: (a) Eye pattern of a PhC VCSEL on Sample A with Design 10 of Table 2.1 (a), at 25 
Gb/s. Time division is 20 ps/division. (b) BER curve of the same VCSEL operated at 25 Gb/s. 
 
2.5 Summary and Future Work 
High 3-dB bandwidth (> 18 GHz) and high SMSR (> 40 dB) photonic crystal 
VCSELs operated at low operating current density (< 6 kA/cm
2
) due to separation of 
current and optical apertures are reported in this chapter. As can be observed in Fig. 2.11 
to 2.16, the small signal modulation responses show low frequency roll-off due to (1) 
spatial hole burning as a result of mismatch between optical mode and current aperture 
sizes [29] and (2) high electrical parasitics, which is a consequence of removing 
conducting semiconductor material in the top DBR creating excessive device series 
resistance (some higher than 250 Ω). High resistance also results in observed saturation 
of relaxation oscillation frequency with injection current, and low maximum-power 
current of PhC VCSELs. To increase 3-dB bandwidth, it is therefore necessary to 
optimize the photonic crystal configuration such that a good balance between obtaining 
(a) (b) 
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high side mode suppression ratio and decent thermal property is achieved. For example, 
due to loss selectivity, it is possibly to reduce the number of air holes periods from three 
(configuration in this work) to two (such as in [18]) or even one (such as in [21]) and still 
maintain sufficiently high SMSR and narrow spectral width. 
Back-to-back error-free transmission above 25 Gb/s has been demonstrated at low 
operating current density in multimode and single mode PhC VCSELs fabricated in this 
thesis. It will be advantageous to show that error-free transmission can be achieved at 
longer optical fiber links (up to 1 km) with these devices. Due to the narrow spectral 
width of 0.03 to 0.16 nm of the single mode and quasi-single mode VCSELs, error-free 
transmission greater than 100 m can be expected because both modal and chromatic 
dispersion are negligible. The only shortcoming of PhC VCSELs for such purpose is their 
output power limitation, as they tend to have lower optical power because of thermal 
effects. This problem in turn can again be addressed if the thermal conductivity of the 
PhC VCSELs is improved.     
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CHAPTER 3 
POLARIZATION MODULATION OF  
ANISOTROPIC VCSELS 
 
 
3.1 Introduction 
As mentioned in Chapter 1, alternative VCSEL modulation methods that are 
independent of relaxation oscillation frequency can potentially enable light transmitters 
for optical communication that require low power consumption. This is a consequence of 
eliminating the need to bias the VCSELs at high injection level for high photon density to 
enhance the relaxation oscillation frequency and 3-dB bandwidth as indicated by 
Equation (1.11) in Chapter 1. A polarization mode modulation scheme [1] is an example 
of these alternative modulation approaches. As will be discussed, polarization modulation 
requires polarization switching when injection levels into two superimposed polarization-
maintaining waveguides [2] change magnitude. This also implies that the polarization-
maintaining waveguides must have strong polarization selectivity. To create anisotropic 
VCSELs for polarization modulation, an anisotropic optical cavity is achieved using a 
55 
 
cross-shaped optical aperture defined by photonic crystal structure, and current injection 
anisotropy can be enabled by metal contacts perpendicularly positioned on the arms of 
cruciform current aperture. A rough sketch of the anisotropic VCSELs presented in this 
chapter is shown in Fig. 3.1, with the black dashed line outlining the optical cavity and 
the blue arrows indicating the supported orthogonal eigen polarizations. DC polarization 
control and switching capabilities will be demonstrated in Section 3.3, whereas 
polarization modulation results will be presented in Section 3.4.  
 
 
 
 
Fig. 3.1: A rough sketch of the anisotropic VCSELs presented in this chapter. The black dashed 
line outlines the optical cavity and the blue arrows indicate the supported orthogonal eigen 
polarizations. 
 
Vertical-cavity surface-emitting lasers (VCSELs) with a quantum-well active 
region typically lack polarization selection mechanisms [3] due to (1) isotropic gain from 
the quantum wells with no selection of polarization directions that are in the plane of the 
wells, and (2) cylindrically symmetric transverse cavity geometry [4]. Unintentional 
polarization switching in VCSELs as current injection is increased is a typically observed 
phenomenon in isotropic VCSELs without intentional polarization control [5], and is 
Photonic crystal 
Bottom metal contacts Top metal contacts 
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undesirable in polarization-sensitive applications. Various monolithic polarization control 
schemes such anisotropic stress [6], [7], anisotropic quantum well gain from non-[001] 
substrates [8]–[10], polarization-selective mirrors [11], [12], differential reflection from 
surface grating [13], [14], and anisotropic cavity geometry [15], [16], [17] have been 
reported to enable polarization control with varying degree of success. In addition, 
anisotropic current injection [18] or a combination of both anisotropic cavity and 
injection [19] has been shown to enable polarization switching.  
As presented in Chapter 2, the photonic crystal structure is proven to be a very 
effective tool in mode control due to the strong and stable index guiding as well as loss 
selectivity. Previously, square-lattice photonic crystal VCSELs with anisotropic optical 
aperture [17] showed high polarization selectivity. On the other hand, cruciform-mesa 
oxide and implant hybrid VCSELs demonstrate polarization switching capability [19]. 
The devices investigated in this chapter combined both of these approaches, i.e. using 
photonic crystal as a tool to define the cavity geometry and having anisotropic cavity 
combined with directional injection, ultimately produce polarization modulation. 
In large signal digital modulation, the high (HI or 1) state is represented by high 
optical power from the laser source whereas lower optical power gives the low (LO or 0) 
state. The modulation amplitude Vpp provided to the laser has to be sufficiently great to 
ensure large extinction ratio (ER) between the 1’s and 0’s so that the bit error rate (BER) 
is low enough for error-free data transmission without much power penalty [20]. The ER 
obtained from direct laser modulation is typically limited to 5 dB or so because of the 
need to bias the laser above threshold even for the 0 level to avoid turn-on delay [21]. 
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With polarization modulation, it is possible to achieve a high extinction ratio between the 
two digital states without the need to have high Vpp (which is on the order of 1V for direct 
modulation) due to the orthogonality of the polarization states (such as horizontal and 
vertical polarization) as explained in the next paragraph.  
The extinction ratio ER employing polarization modulation is given as 
)log(10
2
2
LO
HI
LOPD
HIPD
P
P
ER



         (3.1) 
where ΨPD is the polarizer axis orientation, ΨHI is the light output polarization state that is 
in parallel with the polarizer axis, and ΨLO is the light output polarization state that is 
perpendicular to the polarizer axis. The direct intensity modulation extinction ratio lacks 
the extra factor of 
2
2
PD HI
PD LO
 
 
 in Equation (3.1). Ideally, this extra factor could be 
infinite because according to Malus’ law, the numerator is 1 and the denominator is 0. 
Practically, it is a finite number due to the noise floor of the measurement system, the 
finite extinction ratio of the polarizer, and the finite orthogonal polarization suppression 
ratio (OPSR) of the laser. Nevertheless, this term can still be very large (as shown in 
Section 3.4) and consequently polarization modulation requires a low modulation 
amplitude, because the smaller ratio of PHI to PLO (corresponding to small difference 
between VHI and VLO) can be compensated by the extra factor.  
In this chapter, the linear polarization of the cruciform photonic crystal VCSEL 
light emission will be shown to follow the injection direction. If a time-varying 
modulation signal is sent to induce such polarization switching and a polarizer is placed 
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in front of the photodetector, the detected light output signal can appear to be high or low 
depending on whether the emission polarization lines up with the polarizer axis. Well-
defined signals of 1’s and 0’s can be then obtained with low modulation voltage.  
 
3.2 Anisotropic VCSEL Design and Fabrication  
To enable polarization mode control in anisotropic VCSELs, a square lattice 
photonic crystal structure is employed instead of a hexagonal lattice utilized in Chapter 2. 
To form the cruciform transverse cavity geometry, air holes are removed in the horizontal 
and vertical direction relative to the crystal pattern to form cross-shaped defects. Five 
photonic crystal designs with different hole pitch and hole size are employed, as 
summarized in Table 3.1. Most of these photonic crystal designs are found to enable 
single mode lasing in PhC VCSELs as reported in Chapter 2, and are also manufacturable 
in terms of photolithography processing and ICP-RIE. The cruciform cavities should 
support only the orthogonal horizontal and vertical polarization due to index guiding and 
loss selectivity. 
The current apertures are also lithographically defined in cruciform shape using 
proton implantation. This, in combination with two sets of top and bottom contacts that 
line up in horizontal and vertical directions, introduces injection current anisotropy into 
the cavity. A design layout with top contact, mesa/PhC, and implant aperture is shown in 
Fig. 3.2. The width and the length of the cross-shaped implant apertures are both 
designed to be 2a + 2b larger than the optical aperture width and length, respectively (see 
Fig. 3.2). The mesas have a fixed size of 42 µm. The top contacts extend into the implant 
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apertures to overlap the current apertures by 5 μm to ensure low series resistance as 
discussed in Chapter 2. Ground-signal-signal-ground (GSSG) or ground-signal-ground 
(GSG) coplanar interconnect fan metal contacts are deposited on top of polyimide to 
facilitate high-speed measurements. The bottom contacts, polyimide openings, and 
coplanar fan metal are designed such that slight fabrication misalignment can be tolerated. 
 
Table 3.1: Five photonic crystal designs for anisotropic VCSELs. 
Design b/a a  (μm) b (μm) 
1 0.7 3 2.1 
2 0.6 3 1.8 
3 0.7 3.5 2.45 
4 0.6 3.5 2.1 
5 0.7 4 2.8 
 
 
 
Fig. 3.2: A design layout showing top contact, mesa/PhC, and implant aperture. 
 
To investigate the effect of varying degrees of cavity and injection anisotropy, 
devices with configurations such as different number of air holes removed as well as 
common and separated bottom intracavity contacts are characterized and compared. 
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Separated bottom contacts will require two sets of GSG fan metal pads for separate 
modulation. In each unit cell fabricated on the wafer, there are three blocks of VCSELs 
with different cavity and contact configurations, as summarized in Table 3.2. Blocks 1 
and 2 serve to compare the degree of anisotropy in the waveguide needed to induce 
polarization selectivity, as devices in Block 2 have more elongated arms than Block 1. 
Comparison between Blocks 2 and 3 provides information on the degree of injection 
anisotropy necessary to achieve polarization control in addition to the anisotropic cavity 
geometry. Figure 3.3 shows a device layout from each of (a) Block 1 and (b) Block 3. 
Table 3.3 summarizes the epitaxial structures of the various samples investigated in this 
chapter. 
 
Table 3.2: Device configurations with varying degrees of cavity and injection anisotropy.  
Block Number of Holes Removed in Each Arm Fan Metal Configuration 
1 3 GSSG 
3 5 GSSG 
3 5 Dual GSG 
 
    
 
 
Fig. 3.3: Design layout of device from (a) Block 1 and (b) Block 3. 
(a) (b) 
fan metal 
polyimide opening 
bottom contact 
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Table 3.3: Epitaxial structures of the samples investigated in this chapter. 
Sample Active Region Wavelength Number of Top DBR Periods 
D InGaAs strained quantum wells 940 nm 21 
E GaAs unstrained quantum wells 850 nm 22 
 
The polarization modulation VCSELs are fabricated on an n-substrate, p-up 
epitaxial wafer with strained quantum wells and nominal lasing wavelength of 940 nm 
(Sample D). Device fabrication begins with PECVD of 400-nm-thick SiO2 on the wafer 
surface. Photonic crystal holes and mesas (on the same optical mask) are patterned 
simultaneously using AZ5214E resist photolithography, which is then transferred to the 
SiO2 layer using Freon RIE. Using the SiO2 patterns as etch mask, both PhC structures 
and mesas are etched simultaneously with ICP-RIE. Mesas are etched through a few 
DBR periods beyond the cavity into the lower mirror and stopped at a low Al-containing 
layer. This is to prevent native oxide formation on the etched surface, because a relatively 
clean conducting semiconductor layer is required for deposition of the bottom contacts. 
As discussed in Section 2.2, photonic crystal air holes etch slower than the etched field 
and do not extend into the active region, hence nonradiative surface recombination and 
excessive heating of the VCSELs can be avoided. 
Next, bottom n-type contacts (AuGe–Ni–Au) are deposited. The remaining SiO2 
is etched off the top surface, and top p-type contacts (Ti–Au) are subsequently deposited. 
Following that, a high energy (340 keV) proton implantation with 5 x 10
14
 cm
-2
 dosage 
for current confinement follows, with thick photolithography-patterned AZ9260 masks to 
block the proton implant. Due to the small length to width ratio, the cross-shaped implant 
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masks of Block 1 tend to become rounded after photolithography and development, as 
shown in Fig. 3.4 which is an optical microscope image of a cruciform device with 
implant mask on the top surface. Therefore the degree of injection anisotropy is found to 
be reduced in these devices. 
 
 
 
Fig. 3.4: Optical microscopy image of a cruciform device with implant mask on the top surface, 
indicating rounding of cross-shaped implant masks. 
 
After AZ9260 implant mask removal, the devices are planarized using HD-4001 
polyimide, and deposition of coplanar interconnect metal contacts completes the device 
fabrication. Figure 3.5 shows an SEM image of a completed device, with a magnified 
view of the mesa and PhC structure. The lower contacts are obstructed by the polyimide 
planarization layer, hence are not visible in the SEM image. A complete process follower 
to fabricate the anisotropic cruciform PhC VCSELs can be found in Appendix C. 
 
implant mask 
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Fig. 3.5: SEM image of a completed device, with a magnified view of the mesa and PhC structure. 
 
3.3 DC Characteristics: Polarization Control 
To measure polarization resolved LI, the experimental setup is nearly identical to 
the setup for DC characterization of PhC VCSELs as presented in Section 2.3, except that 
a Melles Griot dichroic sheet polarizer is held in front of the broad area Si photodetector 
using a rotatable holder.  
When current is injected in one of the two arms, the dominant polarization is 
found to follow the injection direction, which means that the detected output power is 
maximum when the polarizer axis lines up with the forward-biased arm. Anisotropic 
VCSELs with b/a = 0.7, a = 3 μm, and five air holes removed in each horizontal (H) and 
vertical (V) direction exhibit the best polarization control. Polarization switching is 
evident in Fig. 3.6 which shows the polarization-resolved LIs (blue and red curves are for 
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the polarizer oriented in the H and V direction, respectively) when the H (Fig. 3.6 (a)) or 
V (Fig. 3.6 (b)) arm is injected with current. Injection in the horizontal arm gives 
horizontal polarization for a range of current above threshold (before higher order modes 
dominate), whereas injection in the vertical arm results in vertical polarization. The 
OPSR curves of the two injection directions are also plotted with green dashed lines in 
Fig. 3.6, indicating a high polarization contrast of close to 10 dB for both injection 
directions. Note that higher order modes appear with increased bias current in this device, 
and polarization selection becomes less effective [22]. The appearance of higher order 
modes and the discontinuity in LI as seen in Fig. 3.6 (a) also indicate thermal lensing and 
less effective index guiding in such device. 
 
  
 
 
Fig. 3.6: Polarization-resolved LIs of a cruciform-cavity VCSEL on Sample D when the (a) H or 
(b) V arm is injected with current. 
 
In isotropic cavities, the eigen polarizations tend to align with the crystallographic 
axes [5] due to elasto-optic [23] or electro-optic [24] effects induced by the epitaxial 
structure. To confirm that the direction of the eigen polarizations follows that of the 
(a) (b) 
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cavity and injection current in the anisotropic VCSELs, devices with their cruciform 
cavity rotated relative to the crystallographic axes are also investigated. Figure 3.7 (a) 
shows an SEM image of a VCSEL with its cruciform cavity rotated counterclockwise by 
30° from the [010] crystal axis. In Fig. 3.7 (b), polarization-resolved LIs of the “rotated” 
VCSEL are shown. Each curve corresponds to the angle between the polarizer and the 
[010] crystallographic axis (see inset). From Fig. 3.7 (b) it is evident that injection in the 
rotated H-arm fixes the polarization in this same direction (otherwise the 90° curve would 
have the highest power). Note that devices with separated lower contacts (i.e. VCSELs 
from Block 3) fare better in rotating the eigen polarization due to stronger injection 
anisotropy, but the rotation does not occur until the injection current is sufficiently high. 
The polarization control is much less effective under pulsed operation, which is 
consistent with a thermal lens induced by the injection current in selecting the 
polarization. 
Polarization modulation can be enabled by controlling polarization switching with 
varying bias current in both cruciform arms. If one arm of the cruciform cavity is 
preferentially pumped, the direction of the dominant polarization tends to follow the 
direction of the dominant current injection. This is evident in Fig. 3.8, in which a two-
dimensional matrix of polarization contrast with varying DC bias currents in each arm is 
mapped, using the cruciform-cavity VCSEL shown in Fig. 3.6. A wide region of biasing 
where polarization control is maintained can be observed. The dividing line between the 
region of H polarization being dominant and the region of V polarization being dominant 
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indeed roughly coincides with the diagonal of the matrix where both arms are biased 
equally.  
 
   
 
 
Fig. 3.7: (a) SEM image of a VCSEL on Sample D with its cruciform cavity rotated counter-
clockwise by 30°. (b) Polarization-resolved LIs of such VCSEL when the rotated horizontal arm 
is electrically pumped. Each curve corresponds to the angle between the polarizer and the [010] 
crystallographic axis. 
 
 
 
Fig. 3.8: A two-dimensional matrix of polarization contrast with varying DC bias currents in each 
arm, using the VCSEL shown in Fig. 3.6. 
(a) (b) 
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To perform polarization modulation, both arms can be set to a quiescence point 
where they are biased equally (for example 10 mA for both arms, as indicated by Q in Fig. 
3.8). Then two digital AC signals with equal amplitude but opposite phase (indicated by 
the arrows in Fig. 3.8) can be applied to the two arms so that when the current in one arm 
is increased, the current in the other is reduced. This is to maintain roughly the same total 
output power of the VCSEL, yet create two orthogonal logic levels with either H or V-
polarization state dominant. A photodetector combined with a polarizer oriented in H or 
V direction can then detect a digitally varying output. Note that the modulation rate is in 
principle not related to relaxation oscillation, thus such modulation scheme might enable 
low-power laser modulation, though the modulation speed will be limited by electrical 
parasitics and the photon cavity lifetime.  
The VCSELs on Sample D show high threshold current (see Fig. 3.6) and high 
series resistance. The high threshold current stems from the unoptimized implant depth 
(340 keV is optimized for 850-nm VCSELs) and the high series resistance is due to the 
implanted field underneath the bottom contacts. To mitigate these problems, the 
fabrication steps are rearranged for VCSELs fabricated on Sample E, which has 850-nm 
lasing wavelength and contains unstrained GaAs quantum wells. The fabrication 
sequence resembles that of the PhC VCSELs as discussed in Section 2.2. Because ICP-
RIE follows proton implantation, the implanted field is etched away and this significantly 
reduces the series resistance of the VCSELs from > 300 Ω to ~ 100 Ω. This should not 
only reduce device heating, but also alleviate electrical parasitics.  
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Due to the strained quantum wells, the dominant polarization of VCSELs with 
various designs on Sample D tends to follow the [100] crystalline axis. On the other hand, 
Sample E contains unstrained quantum wells and is therefore a better platform to study 
polarization control using either horizontal or vertical cavity. Polarization-resolved LIs 
show that VCSELs with isotropic cavity (for example square transverse cavity geometry) 
on Sample E still have a slight tendency to lase in the vertical [010] crystalline axis, 
possibly due to residual stress from device fabrication. However, if the cavity is 
elongated in the horizontal direction (for example a Block 1 device with b/a = 0.6 and a = 
3.5 μm), the dominant polarization is pinned in the horizontal direction with maximum 
OPSR in excess of 12 dB (> 17x difference between the optical powers of the dominant 
and suppressed polarization) regardless of the injection direction, as shown in Fig. 3.9. 
This proves that the index guiding effect dominates the effects of current injection in 
selecting the light output polarization. Similarly, polarization switching is also obtained 
with a cruciform-cavity VCSEL fabricated on Sample E, as shown in Fig. 3.10. The 
OPSR for both arms is higher (> 10 dB) compared to the device with the same design and 
configuration (VCSEL of Fig. 3.6) on Sample D. However, due to the heavily doped top 
contact layer of Sample E, the two polarizations have reduced contrast when both arms 
are biased simultaneously because the two injection paths are electrically coupled. This 
results in polarization contrast versus bias plot (akin to Fig. 3.8) that shows mostly 
unpolarized or low polarization-contrast light output for a wide range of bias currents.    
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Fig. 3.9: Polarization-resolved LIs of a horizontal-cavity VCSEL on Sample E when the (a) H or 
(b) V arm is injected with current, demonstrating polarization control. 
 
  
 
 
Fig. 3.10: Polarization-resolved LIs of a cruciform-cavity VCSEL on Sample E when the (a) H or 
(b) V arm is injected with current, demonstrating polarization switching. 
 
3.4 Polarization Modulation Results 
 In this section, the results of polarization modulation according to the biasing 
scheme discussed in Section 3.3 are shown. Time-varying input signals are sent to the 
VCSEL arms and the output signal can be detected by a photoreceiver with a polarizer in 
front of it and displayed on an oscilloscope. In the experimental setup, an Agilent 
81110A square-wave pattern generator serves to create the modulation signal, while a 
(a) (b) 
(a) (b) 
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Tektronix TDS3054B oscilloscope is utilized to measure the time-varying signal 
generated by the photodetector. 
Examination of Fig. 3.8 shows that polarization modulation can be achieved by 
biasing both V- and H-arm at 9 mA, and adding a square-wave signal with ~ 2mA 
amplitude to the H-arm to flip the polarization from V- to H-state. The change in 
unpolarized optical power is relatively small in this case. Figure 3.11 shows the 
polarization-resolved LIs when the bias current in V-arm is fixed at 9 mA and the bias 
current in the H-arm is varied (note point A, B, C, and D in Fig. 3.11). Transition A → C 
is merely a slight intensity modulation with V-polarization dominating, and will serve as 
a reference. Transition B → D induces polarization switching from V- to H-state. 
Without the polarizer inserted before the photodetector, a slight intensity variation for 
transition B → D is observed due to unequal power distribution between the two 
polarizations (e.g. total optical power drops from B to D as can evident from Fig. 3.11 (a) 
and (b)).  
 
  
 
 
Fig. 3.11: Polarization-resolved LIs when the bias current in V-arm is fixed at 9 mA and the bias 
current in the H-arm is varied, with polarizer axis in the (a) vertical and (b) horizontal direction. 
(a) (b) 
A 
B 
C 
D A 
B 
C 
D 
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Figure 3.12 (a) shows time-varying photodetector signals displayed on the 
oscilloscope for transition A → C (no polarization switching) without (green) and with 
the polarizer (blue: polarizer in H-direction, red: polarizer in V-direction) inserted during 
modulation. Figure 3.12 (b) shows time-varying signals for transition B → D without and 
with the polarizer. The modulations are performed at a speed of 10 kHz and a duty cycle 
of 50%. Only 200 mV modulation amplitude is needed to induce the polarization state 
switching, which is the lower limit of the function generator. For A → C, V-polarization 
is dominant and the V-polarized output signal switches slightly between HI and LO level 
following the input signal, while H-polarized output signal stays close to zero. However, 
when the same input signal is applied to induce B → D transition, H-polarization 
becomes dominant whenever the input signal is high so that the output logic levels follow 
the input signal if the polarizer axis is in the horizontal direction, and 180° out of phase 
when the polarizer axis is set in the vertical direction. Note that the detected signals with 
polarizer inserted are lower in amplitude due to only 30% transmission through the 
polarizer.  
An extinction ratio of 9.1 dB is measured for the digital polarization modulation 
in Fig. 3.12 (b). The high extinction ratio is expected even though the modulation 
amplitude is low, because of the orthogonality of the polarization states as shown in 
Equation (3.1). At the speed of 100 kHz, the quality of the signals deteriorates due to 
long rise and fall times. The origin of this increase switch time can be attributed to the 
need to create thermal lensing which has a characteristic time of ~ 1 µs [25] to support 
the polarization mode, as discussed in Section 3.3. 
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Fig. 3.12: Time-varying photodetector signals under modulation with (a) A → C transition 
(reference) and (b) B → D transition (polarization modulation). 
 
3.5 Summary and Future Work 
In the switching measurements depicted in Fig. 3.12, polarization modulation 
using only ≤ 200 mV modulation amplitude at 10 kHz is achieved with an anisotropic 
VCSEL. This work proves that polarization modulation is inherently superior in creating 
high extinction ratio modulation with small modulation amplitude, even without 
optimization. Currently, the polarization modulation speed is limited to ≤ 50 kHz due to 
thermal lensing effect which presently dominates the anisotropic cavity confinement. 
Therefore higher index contrast by the air holes (bigger air holes) or higher cavity 
anisotropy (longer cavity arms) is needed to reduce the thermal lensing effect.  
Careful consideration should be made of the design of the top contact layer in 
terms of thickness and doping level so that the orthogonal polarizations can be 
electrically isolated, and yet the series resistance as well as current spreading capability 
should not be compromised. Zheng et al. [26] reports a device configuration with double 
(a) (b) 
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intracavity contacts combined with undoped top DBR that is capable of polarization 
switching. By bypassing injection through the top DBR, transverse crystal momentum of 
the injected carriers can be preserved and this should increase polarization selectivity. 
Such an approach can also be employed in photonic crystal anisotropic VCSELs to 
improve polarization modulation performance. 
It is expected that lowering the series resistance not only has a positive impact on 
thermal conductivity and dissipated power but also the modulation speed through reduced 
parasitics. However, the intrinsic modulation bandwidth of such modulation scheme is 
yet to be explored. Rate equation analysis will be necessary to predict the polarization 
switching behavior, and applied to device designs to optimize the modulation speed. Note 
that record modulation bandwidths may not be necessary; simply achieving an ultra-low 
switching power modulation (to reduce the energy/bit ratio) in these VCSELs may enable 
their implementation in low power digital systems. It will be interesting to examine the 
limits of the lowest modulation amplitude and the highest extinction ratio achievable by 
polarization modulation.  
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CHAPTER 4 
CONCLUSION 
 
 
4.1 Summary 
 Two different methods of digital modulation using VCSELs have been presented. 
They both produce two distinct levels of light intensity as detected by a photodiode when 
they receive a modulation signal, but the first method involves change in bias level to 
directly vary the output power according to the LIV relations (hence known as direct 
modulation), whereas the second method utilizes a small modulation amplitude to induce 
polarization switching in the VCSELs (named polarization modulation).  
In Chapter 2 of this work, it is shown that separate optimization of optical 
aperture, current aperture, and top contact inner diameter leads to single mode or quasi-
single mode operation in VCSELs that can be operated at low current density. Photonic 
crystal structure determines the modal properties of the VCSELs, and implant aperture 
for current confinement can be independently enlarged resulting in low operation current 
density for potentially longer device lifetime. Single mode (> 40 dB SMSR) photonic 
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crystal VCSELs with 3-dB bandwidth of greater than 18 GHz can be achieved at current 
density below 6 kA/cm
2
. The high bandwidth is enabled by using strained quantum wells 
of InGaAs, and also the high D-factor due to single mode operation. Quasi-single mode 
VCSELs of > 13 GHz small signal bandwidth is achieved with unstrained GaAs quantum 
wells, but the maximum bandwidth can be obtained at even lower current density of < 1.5 
kA/cm
2
 again with enlarged implant apertures. Improvement on electrical and thermal 
properties of the VCSELs by sacrificing the SMSR with reduced number of PhC air holes 
for increased thermal conductivity as well as lower series resistance can lead to higher 3-
dB small signal bandwidth and lower power consumption. 
In Chapter 3, a novel polarization mode modulation scheme enabled by 
anisotropic VCSELs is presented. Cross-shaped transverse optical cavity geometry is 
defined by a cruciform defect in square-lattice photonic crystal, while directional current 
injection is obtained through the combination of cruciform implant current aperture with 
perpendicularly positioned top and bottom metal contacts. Even though the modulation 
speed is demonstrated only up to tens of kHz, the extinction ratio is shown to be 
inherently high at > 9 dB requiring a low modulation amplitude of ≤ 200 mV due to the 
orthogonality of the polarization states. Such polarization modulation scheme is 
potentially suitable for application in communication systems requiring low power 
because of the low modulation amplitude needed for polarization state switching. To 
electrically isolate the two eigen polarizations without compromising device series 
resistance, a proposed method is to use double intracavity contacts in combination with 
dielectric DBR in these VCSELs.  
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4.2 Electro-Optic Modulation  
4.2.1 Introduction 
It has been proposed that modulation to the gain or optical loss of the VCSELs 
can enable a much higher modulation bandwidth due to the slower high frequency roll-
off of the modulation response of 

1  instead of 21
 as in direct modulation [1], [2]. 
Even though gain or loss modulation of VCSELs exhibit high modulation bandwidth of > 
35 GHz [3], an extremely high relaxation oscillation peak (> 10 dB above the DC value) 
is present in the modulation response [1]–[4]. This results in distorted eye pattern in large 
signal modulation [4], [5]. Therefore, large signal modulation with open eye has only 
been demonstrated up to 10 Gb/s with dual-cavity, electro-optically modulated (EOM) 
VCSELs [6]. Nevertheless, according to [1] and [2], if there exists a coherent 
combination of current and gain or loss modulation, carrier density variation and 
relaxation oscillation can be completely eliminated resulting in an extremely high 
bandwidth due to the flat modulation response.  
With the extra section for electro-optic modulation, the EOM VCSELs will 
require a different device configuration consisting of a VCSEL cavity which is DC-
biased at a fixed injection level and a modulator section on top which receives RF 
modulation and serves to create high and low output power. This can be enabled by 
higher complexity of design and fabrication compared to regular oxide VCSELs. Section 
4.2.2 will discuss details of the device design and fabrication. Preliminary DC 
characterization results will be presented in Section 4.2.3, and future work will be 
discussed in Section 4.2.4.  
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4.2.2 Design and Fabrication 
The EOM VCSELs reported here employ stopband edge-tunable DBR [7]. As an 
electric field is applied to the quantum wells contained in the tunable DBR, the quantum 
confined Stark effect and modification to the excitonic absorption peak [8] results in a 
refractive index change according to the Kramers-Kronig relations. The index change 
shifts the stopband edge of the DBR toward the lasing wavelength (on the red side) and 
reduces transmission of light through the modulator. The modulator is not a resonant 
cavity and does not accumulate power, so absorption enhancement and carrier-related 
effects are minimized. A relatively high number of top DBR periods of the VCSEL 
cavity should be used to ensure sufficient isolation between the modulator and the cavity 
so that change in modulator transmission does not create feedback to the VCSEL cavity.  
The EOM VCSELs reported here have a bottom n-type DBR and a top DBR 
mirror surrounding the cavity. The top mirror has a lower p-type region and an upper n-
type region to form the modulator. The mask sets used for device fabrication were 
created by Grasso [9] and modified by Chen [10] for composite resonator vertical-cavity 
lasers. The modulator section has a fixed square mesa size of 42 µm. The cavity section 
has square mesa sizes ranging from 90 to 109 in steps of 1 µm, which after oxidation 
gives a range of different oxide aperture sizes varying in steps of 1 µm. The top contact 
inner opening sizes of 6, 8, 9, 10, and 12 µm can be found in each row of devices with 
the same oxide aperture size. To enable dual-section modulation, all terminal contacts (n-
p-n) are on the wafer surface and ground-signal-signal-ground (GSSG) coplanar fan 
metal is needed.       
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Device fabrication begins with n-type top contact deposition using metal 
evaporation and lift-off process. Then the modulator mesas are created with ICP-RIE 
stopping at an InGaP etch stop layer as monitored by an optical reflectometry setup. The 
remaining etch stop layer is then removed with 1:1 HCl:H3PO4 which has no effect on 
GaAs, so that p-type metal can be deposited on the highly p-doped ohmic contact layer 
directly underneath the etch stop layer. Cavity mesas are formed again with ICP-RIE 
etching through a few bottom DBR pairs and stopping at a low Al content layer. Then, 
another deposition of n-type metal is performed. Next the VCSELs are oxidized in a 
furnace with a steam environment at 425 °C, with careful calibration of etch rate resulting 
in oxide aperture sizes ranging from < 0.5 to ~ 20 µm. The VCSELs are then planarized 
with HD-4001 polyimide and finally GSSG coplanar fan metal is deposited. A top optical 
microscope view of a completed VCSEL is shown in Fig. 4.1. A process follower to 
fabricate EOM VCSELs discussed in this work is attached in Appendix D. 
 
4.2.3 DC Characteristics 
In Fig. 4.2, LI curves of an EOM VCSEL (oxide aperture = 3 µm, top contact 
inner opening = 10 µm) with different bias voltage to the top modulator section are 
presented. Note that the bias voltage is as applied to the top n-p diode, so biases with a 
positive sign are effectively reverse biases to the modulator diode. Several observations 
can be made from Fig. 4.2: 
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Fig. 4.1: Optical microscope (top view) image of a completed EOM VCSEL. 
 
 
 
Fig. 4.2: LI curves of an EOM VCSEL (oxide aperture = 3 µm, top contact inner opening = 10 
µm) with different bias voltage to the top modulator section. The inset shows the extinction ratio 
of output power between 0 and 24 V to the top modulator. 
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(1) The output power decreases with increasing reverse bias to the modulator but the 
threshold current is relatively invariant. This indicates that only the transmission of the 
modulator is varied, so no reflectivity change and hence no feedback is seen by the 
VCSEL cavity.  
(2) At 2 mA, it is already possible to achieve a power extinction ratio of greater than 3 dB 
with the two different bias levels of 0 and 24 V to the modulator as seen in the inset of 
Fig 4.2. This can translate into an open eye during large signal modulation even at low 
bias current. 
(3) Modulation amplitude as high as 24 V is needed to achieve > 3 dB extinction, due to 
the stopband edge that is less abrupt with the low number of DBR periods in the 
modulator section.  
 
4.2.4 Future Work 
As evident from Section 4.2.3, it will be necessary to add DBR periods to the top 
modulator so that the stopband edge can become steeper to enable lower modulation 
amplitude. Small signal modulation should be carried out to determine the modulation 
response of such EOM VCSELs. If the VCSEL cavity is indeed well isolated from the 
modulator, then the relaxation oscillation peak should be absent from the modulation 
response. However, if the RO peak does indeed exist, then a dual-section modulation as 
suggested in [1] and [2] can still be carried out to obtain a flat modulation response, or as 
Chen [10] suggests, a good compromise between wider bandwidth and less pronounced 
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RO peak can be achieved by electro-optically modulating the top modulator and directly 
modulating the bottom cavity in phase. 
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APPENDIX A 
PHOTONIC CRYSTAL VCSEL PROCESS FOLLOWER 
 
Sample Name: 
 
0. ______Cleave:     Cleave, label backside, degrease (Acetone, IPA,  
     DI, IPA) and N2 dry 
 
 
1. ______SiO2 deposition:    Degrease 
  ~ 4000 Å – Time: ______ min  
    (18 min @ 230 Å/min) 
  Thickness: ______Å 
    (read from color chart/ellipsometer) 
 
 
2. ______Mesa + PhC    Degrease 
    photolithography:    Dehydration bake (110 oC for 5 min) 
       AZ5214 spread (3 s 500 rpm) 
       AZ5214 spin (30 s 4000 rpm) 
  Edge bead removal      
  Bake (110 oC for 45 s) 
  Expose: 27 s (A) 
  Power: ______W; Time: ______s 
  Develop in AZ327 MIF (~ 45 s): _______s 
 
 
3. ______SiO2 etch:     O2 plasma descum (300W for 15s) 
       CF4 RIE for > 4000 Å (~ 22 min) 
       Time: _______min  
       Make sure field conducts before proceeding! If  
     not, more etching is required before PR removal. 
  Remove PR mask (Acetone, IPA, DI, IPA) 
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  Alpha-step:  _______µm 
  
 
 
4. ______Implant aperture    Degrease 
    photolithography:    Dehydration bake (110 oC for 5 min) 
  HMDS spin (10 s 4000 rpm) 
  AZ9260 spread (3 s 500 rpm) 
  AZ9260 spin (30 s 3500 rpm) 
  Bake (110 oC for 4 min) 
       Edge bead removal  
       Expose: 3 min 20 s (Aligner A)  
  Power: ______W; Time: ______s 
  Develop in AZ421K (~ 60 s): _______s 
  O2 plasma descum (300W for 3 min) 
 
 
5. ______Send for implant: 
 
 
6. ______Remove implant PR:   O2 plasma descum (600W for 8 min) 
       Boiling acetone (40 oC) / Squirt gun 
       Repeat steps above until sample is clean 
     
 
 
7. ______ICP etch:     Clean ICP-RIE using O2 
  Use ICP-RIE SiCl4/Ar recipe and reflectometry  
     setup 
       Etch according to required etch depth  
         (stop at GaAs/high signal layer) 
       Time: _______min (rate: ________Å/min) 
       Alpha-step:  _______µm 
 
 
8. ______Bottom contact    Degrease  
     photolithography:    Dehydration bake (110 °C for 5 min)  
 HMDS spin (10 s 4000 rpm) 
 AZ9260 spread (3 s 500 rpm) 
 AZ9260 spin (30 s 5000 rpm) 
 Bake (110 oC for 4 min)  
 Edge bead removal  
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 Expose: 3 min (Aligner A) 
 Power: ______W; Time: ______s  
 Develop in AZ 421K (~ 60 s): _____s 
 
 
9. ______Bottom contact (n):    O2 plasma descum (300W for 2 min) 
       DI rinse (10 min) 
  Dip in 1:10 NH4OH:DI for 20 s 
       Target:  400 Å Au-Ge / 200 Å Ni / 1500 Å Au 
         Actual:  ____Å Au-Ge / ____Å Ni / _____Å Au 
 
 
10. ______Metal liftoff:    Boiling acetone (40 oC) / Squirt gun 
 
 
11. ______SiO2 mask removal:   CF4 RIE for < 4000 Å (~ 15 min) (see color) 
       Check if the mesas conduct  
  Continue etching 2 or 3 min increments until  
     mesas conduct  
  Time: _______min 
 
 
12. ______Top contact    Degrease 
       photolithography:    Dehydration bake (125 oC for 3 min)  
 HMDS spin (10 s 4000 rpm) 
 AZ9260 spread (3 s 500 rpm) 
 AZ9260 spin (30 s 5000 rpm) 
 Bake (110 oC for 4 min) 
 Edge bead removal 
 Expose: 2 min 15 s (Aligner A) 
 Power: ______W; Time: ______s  
 Develop in AZ 421K (~ 60 s): _____s 
 
 
13. ______Top contact (p):    O2 plasma descum (300W for 2 min) 
       DI rinse (10 min) 
  Dip in 1:10 NH4OH:DI for 20 s 
       Target:  150 Å Ti / 1600 Å Au 
         Actual:  ______Å Ti / ______Å Au 
 
 
14. ______Metal liftoff:    Boiling acetone (40 oC) / Squirt gun 
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15. ______Contact annealing:   410 oC for > 1 min 
 
 
16. ______Planarization (PI):               Degrease 
                         Dehydration bake (125 oC for 3 min) 
       PI/HD 4001 spin (60 s 4000 rpm) 
       Edge bead removal with razor blade 
       Backside clean (PA400D swab) 
       Bake (90 oC for 3 min) 
       Alpha-step edge bead: ________μm  
       Expose: 0.6 min (Aligner C) 
       Develop with PA400D: _______s (60 s) 
       Rinse with PA400R: _______s (30 s) 
                                                              Alpha-step: _____ μm (double required height) 
  PI cure (PI should shrink down by ~ 50%) 
 (ramp up 5 
o
C /min – 200 oC soak 30 min) 
 (ramp up  5 
o
C /min – 365 oC soak 2 hr) 
 (ramp down 10 
o
C /min – 25 oC) 
                               Alpha-step: _____μm 
  Master/Slave etch: 90W (RF: 30%), 200mT,  
     60% O2, 10% CF4 
  Time: _____min (~ 2–3 min) (rate ~ 0.3 μm/min,  
     etch until openings are clear)  
                                                              Alpha-step: _____μm 
 
 
17. ______Fan metal     Degrease 
      photolithography:    Dehydration bake (125 oC for 3 min)  
 HMDS spin (10 s 4000 rpm)  
 AZ9260 spread (3 s 500 rpm) 
 AZ9260 spin (30 s 5000 rpm) 
 Bake (110 oC for 4 min 20 s) 
 Edge bead removal 
 Expose: 2 min 45 s (Aligner A) 
 Power: ______W; Time: ______s  
 Develop in AZ 421K (~ 70 s): _____s 
 
 
18. ______Fan metal (p):    O2 plasma descum (300W for 2 min) 
       DI rinse (10 min) 
       Target:  150 Å Ti / 10000 Å Au 
         Actual:  ______Å Ti / ______Å Au 
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19. ______Metal liftoff:    Boiling acetone (40 oC) / Squirt gun 
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APPENDIX B 
MATLAB CODE FOR RMS SPECTRAL WIDTH 
CALCULATION 
 
%%%%%%%% File parameters %%%%%%%%%%%% 
clear all; 
fs = 20;        %fontsize 
Fig1 = figure(1); clf; 
set(Fig1, 'Position', [50 50 1000 600]); 
set(gca,'FontSize',fs,'FontName','Calibri'); 
  
%%%%%%%%%%%%%%  Extracting Data from files (intensity in log scale 
power vs. wavelength, 500 data points) %%%%%%%%%%% 
format long 
filename_excel = input('Data File: ','s'); 
[Spec,txt,raw] = xlsread(filename_excel,1,'A1:B501'); 
  
lambda = Spec(:,1); 
intensityLog = Spec(:,2); 
  
intensityLin = 10.^(Spec(:,2)./10); % Convert intensity from log to 
linear 
  
intensityMax = max(intensityLin); 
  
intensityNorm = intensityLin/intensityMax; 
  
k = 1; 
for i = 1:500 
    if intensityNorm(i) >= 0.01 % Determine if data point is 20 dB 
below the maximum intensity  
        lambdaCopy(k,1) = lambda(i); 
        intensityLinCopy(k,1) = intensityLin(i); 
        k = k + 1; 
    end 
end 
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% By the end of the for loop only data points (intensity vs. 
wavelength) that are less than 20 dB below maximum remain 
  
%%%%%%%% Applying standard RMS spectral width formula %%%%%%%%%%%% 
intensitySum = sum(intensityLinCopy); 
  
product = lambdaCopy.*intensityLinCopy/intensitySum; 
  
productSum = sum(product); 
  
thing = (intensityLinCopy/intensitySum).*((lambdaCopy-productSum).^2); 
  
RMSWidth = sqrt(sum(thing)) 
  
scatter(lambdaCopy,intensityLinCopy,666,'filled'); 
ylabel('Intensity(mW)'); 
xlabel('\lambda (nm)'); 
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APPENDIX C 
ANISOTROPIC VCSEL PROCESS FOLLOWER 
 
Sample Name: 
 
0. ______Cleave:     Cleave, label backside, degrease (Acetone, IPA,  
     DI, IPA) and N2 dry 
 
 
1. ______SiO2 deposition:    Degrease 
       ~ 4000 Å – Time: ______ min  
    (20 min @ 230 Å/min) 
       Thickness: ______Å  
    (read from color chart/ellipsometer) 
 
 
2. ______Mesa + PhC    Degrease 
    photolithography:    Dehydration bake (110 oC for 5 min) 
       AZ5214 spread (3 s 500 rpm) 
       AZ5214 spin (30 s 4000 rpm) 
  Edge bead removal      
  Bake (110 oC for 45 s) 
  Expose: 25 s (A) 
  Power: ______W; Time: ______s 
  Develop in AZ327 MIF (~ 40 s): _______s 
 
 
3. ______SiO2 etch:     O2 plasma descum (300W for 15s) 
       CF4 RIE for > 4000 Å (~ 24 min) 
       Time: _______min  
       Make sure field conducts before proceeding! If  
     not, more etching is required before PR removal. 
  Remove PR mask (Acetone, IPA, DI, IPA) 
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  Alpha-step:  _______µm 
  
 
4. ______ICP etch:     Clean ICP-RIE using O2 
  Use ICP-RIE SiCl4/Ar recipe and reflectometry  
     setup 
       Etch according to required etch depth  
         (stop at GaAs/high signal layer) 
       Time: _______min (rate: ________Å/min) 
       Alpha-step:  _______µm 
 
 
5. ______Bottom contact    Degrease  
     photolithography:    Dehydration bake (110 °C for 5 min)  
 HMDS spin (10 s 4000 rpm) 
 AZ9260 spread (3 s 500 rpm) 
 AZ9260 spin (30 s 5000 rpm) 
 Bake (110 oC for 4 min)  
 Edge bead removal  
 Expose: 30 s (Aligner C) 
 Power: ______W; Time: ______s  
 Develop in AZ 421K (~ 60 s): _____s 
 
 
6. ______Bottom contact (n):    O2 plasma descum (300W for 30 s) 
       DI rinse (10 min) 
  Dip in 1:10 NH4OH:DI for 20 s 
       Target:  400 Å Au-Ge / 200 Å Ni / 1500 Å Au 
         Actual:  ____Å Au-Ge / ____Å Ni / ______Å Au 
 
 
7. ______Metal liftoff:    Boiling acetone (40 oC) / Squirt gun 
 
 
8. ______SiO2 mask removal:   CF4 RIE for < 4000 Å (~ 15 min) (see color) 
       Check if the mesas conduct  
  Continue etching 2 or 3 min increments until  
     mesas conduct  
  Time: _______min 
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9. ______Top contact     Degrease 
     photolithography:    Dehydration bake (125 oC for 3 min)  
 LOR 30B spread (4 s 400 rpm) 
 LOR 30B spin (60 s 4000 rpm) 
 Edge bead removal with EBR 
 Bake (170 oC for 5 min), clean edges 
 AZ5214 spread (3 s 500 rpm) 
 AZ5214 spin (30 s 4000 rpm) 
 Bake (110 oC for 1 min) 
 Edge bead removal 
 Expose: 30 s (Aligner A) 
 Power: ______W; Time: ______s  
 Reversal bake (110 oC for 45 s) 
 Flood exposure 25 s (Aligner A) 
 Develop in AZ 327 MIF (~ 60 s): _____s 
 Bake (125 oC for 1 min) 
 Develop in AZ 400K (~ 2 min): _____min 
 Check pattern: small LOR undercut desired 
 
 
10. ______Top contact (p):    O2 plasma descum (300W for 30s) 
       DI rinse (10 min) 
  Dip in 1:10 NH4OH:DI for 20 s 
       Target:  150 Å Ti / 1600 Å Au 
         Actual:  ______Å Ti / ______Å Au 
 
 
11. ______Metal liftoff:    Heated EBR / Squirt gun 
 
 
12. ______Implant aperture    Degrease 
      photolithography:    Dehydration bake (110 oC for 5 min) 
  HMDS spin (10 s 4000 rpm) 
  AZ9260 spread (3 s 500 rpm) 
  AZ9260 spin (30 s 5000 rpm) 
  Bake (110 oC for 4 min) 
  AZ9260 spread (3 s 500 rpm) 
  AZ9260 spin (30 s 5000 rpm) 
  Bake (110 oC for 4 min) 
       Edge bead removal  
       Expose: 75 s (Aligner C)  
  Power: ______W; Time: ______s 
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  Develop in AZ421K (~ 60 s): _______s 
  O2 plasma descum (300W for 3 min) 
 
 
13. ______Send for implant: 
 
 
14. ______Remove implant PR:   O2 plasma descum (600W for 8 min) 
       Boiling acetone (40 oC) / Squirt gun 
       Repeat steps above until sample is clean 
 
 
15. ______Contact annealing:   410 oC for > 1 min 
 
 
16. ______Planarization (PI):               Degrease 
       Dehydration bake (125 oC for 3 min) 
       PI/HD 4001 spin (60 s 4000 rpm) 
       Edge bead removal with razor blade 
      
       Bake (90 oC for 3 min) 
     Alpha-step edge bead: ________μm  
       Expose: 0.6 min (Aligner C) 
       Develop with PA400D: _______s (60 s) 
       Rinse with PA400R: _______s (30 s) 
                                                              Alpha-step: _____ μm (double required height) 
  PI cure (PI should shrink down by ~ 50%) 
 (ramp up 5 
o
C /min – 200 oC soak 30 min) 
 (ramp up  5 
o
C /min – 365 oC soak 2 hr) 
 (ramp down 10 
o
C /min – 25 oC) 
                               Alpha-step: _____μm 
  Master/Slave etch: 90W (RF: 30%), 200mT,  
     60% O2, 10% CF4    
  Time: _____min (~ 2–3 min) (rate ~ 0.3 μm/min,  
     etch until openings are clear)  
                                                              Alpha-step: _____μm 
 
 
17. ______Fan metal     Degrease 
       photolithography:    Dehydration bake (125 oC for 4 min)  
 LOR 30B spread (4 s 400 rpm) 
 LOR 30B spin (60 s 4000 rpm) 
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 Edge bead removal with EBR 
 Bake (170 oC for 5 min), clean edges 
 AZ5214 spread (3 s 500 rpm) 
 AZ5214 spin (30 s 4000 rpm) 
 Bake (110 oC for 1 min) 
 Edge bead removal 
 Expose: 27 s (Aligner A) 
 Power: ______W; Time: ______s  
 Develop in AZ 327 MIF (~ 35 s): _____s 
 Bake (125 oC for 1 min) 
 Develop AZ 400K (~ 2 min 15 s): _____min 
 Check pattern: small LOR undercut desired 
 
 
18. ______Fan metal (p):    O2 plasma descum (300W for 2 min) 
       DI rinse (10 min) 
       Target:  150 Å Ti / 15000 Å Au 
         Actual:  ______Å Ti / ______Å Au 
 
 
19. ______Metal liftoff:    Heated EBR / Squirt gun 
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APPENDIX D 
EOM VCSEL PROCESS FOLLOWER 
 
Sample Name: 
 
0. ______Cleave:     Cleave, label backside, degrease (Acetone, IPA,  
     DI, IPA) and N2 dry 
 
 
1. ______Backside contact (n):   Degrease 
       Target:  400 Å Au-Ge / 200 Å Ni / 1500 Å Au 
         Actual:  ____Å Au-Ge / ____Å Ni / ______Å Au 
 
       
2. ______Topside contact    Degrease 
                photolithography:    Dehydration bake (125 oC for 3 min) 
       AZ4330 spread (3 s 500 rpm) 
       AZ4330 spin (30 s 5000 rpm) 
       Bake (95 oC for 90 s) 
       Edge bead removal  
       Expose: 27 s (Aligner A)  
       Power: ______; Time: ______s 
       Develop in AZ400K (70s): _______s 
 
 
3. ______Top contact (n):    O2 plasma descum (300W for 2 min) 
       DI rinse (10 min) 
       1:10 NH4OH:DI dip (15 s) 
       Target: 400 Å Au-Ge / 200 Å Ni / 1500 Å Au 
         Actual:  ____Å Au-Ge / ____Å Ni / ______Å Au 
  
       
4. ______Metal liftoff:    Boiling acetone (40 oC) / Squirt gun 
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5. ______SiO2 deposition:    Degrease 
       ~ 2300 Å – Time: ______ min  
    (10 min @ 230 Å/min) 
       Thickness: ______Å  
    (read from color chart/ellipsometer) 
 
 
6. ______Upper mesa     Degrease 
    photolithography:    Dehydration bake (110 oC for 5 min) 
       HMDS spin (10 s 4000 rpm) 
       AZ5214 spread 3 s 500 rpm) 
  AZ5214 spin (30 s 4000 rpm) 
  Bake (110 oC for 45 s) 
  Edge bead removal  
  Expose: 25 sec (Aligner A)  
  Power: ______W; Time: ______sec 
  Develop in AZ327 MIF (~ 40 sec): _______s 
 
 
7. ______SiO2 etch:     O2 plasma descum (300W for 15 s) 
  CF4 RIE for > 2000 Å (~ 13 min) 
       Time: _______min  
       Make sure field conducts before proceeding! If  
     not, more etching is required before PR removal. 
  Remove PR mask (Acetone, IPA, DI, IPA) 
  Alpha-step:  _______µm 
  
 
8. ______ICP etch 1:     Clean ICP-RIE using O2 
(upper mesa)    Use ICP-RIE SiCl4/Ar recipe and reflectometry  
     setup 
       Etch according to required etch depth  
         (stop at GaAs/high signal layer) 
       Time: _______min (rate: ________Å/min) 
       Alpha-step:  _______µm 
  Dip in 1:1 HCl:H3PO4 for 5 s  
    (remove etch stop layer) 
 
 
9. ______Middle contact    Degrease  
     photolithography:    Dehydration bake (110 °C for 5 min)  
 HMDS spin (10 s 4000 rpm) 
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 AZ9260 spread (3 s 500 rpm) 
 AZ9260 spin (30 s 5000 rpm) 
 Bake (110 oC for 4 min)  
 Edge bead removal  
 Expose: 2 min 45 s (Aligner A) 
 Power: ______W; Time: ______s  
 Develop in AZ 421K (~ 70 s): _____s 
 
 
10. ______Middle contact (p):   O2 plasma descum (300W for 2 min) 
       DI rinse (10 min) 
  Dip in 1:1 HCl:DI for 20 s 
       Target:  160 Å Ti / 2000 Å Au 
         Actual:  ______Å Ti / ______Å Au 
 
 
11. ______Metal liftoff:    Boiling acetone (40 oC) / Squirt gun 
 
 
12. ______SiO2 deposition:    Degrease 
       ~4000 Å – Time: ______ min  
    (18 min @ 230 Å/min) 
       Thickness: ______Å  
    (read from color chart/ellipsometer) 
 
 
13. ______Lower mesa    Degrease  
       photolithography:    Dehydration bake (110 °C for 5 min)  
 HMDS spin (10 s 4000 rpm) 
 AZ9260 spread (3 s 500 rpm) 
 AZ9260 spin (30 s 5000 rpm) 
 Bake (110 oC for 4 min)  
 Edge bead removal  
 Expose: 30 s (Aligner C) 
 Power: ______W; Time: ______s  
 Develop in AZ 421K (~ 60 s): _____s 
 
 
14. ______SiO2 etch:     O2 plasma descum (300W for 30 s) 
  CF4 RIE for > 4000 Å (~ 22 min) 
       Time: _______min  
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       Make sure field conducts before proceeding! If  
     not, more etching is required before PR removal. 
  Remove PR mask (Acetone, IPA, DI, IPA) 
  Alpha-step:  _______µm 
 
 
15. ______ICP etch 2:    Clean ICP-RIE using O2 
(lower mesa)    Use ICP-RIE SiCl4/Ar recipe and reflectometry  
     setup 
       Etch according to required etch depth  
         (stop at GaAs/high signal layer) 
       Time: _______min (rate: ________Å/min) 
       Alpha-step:  _______µm 
 
 
16. ______Bottom contact    Degrease  
       photolithography:    Dehydration bake (110 °C for 5 min)  
  HMDS spin (10 s 4000 rpm) 
  AZ9260 spread (3 s 500 rpm) 
  AZ9260 spin (30 s 5000 rpm) 
  Bake (110 oC for 4 min) 
  AZ9260 spread (3 s 500 rpm) 
  AZ9260 spin (30 s 5000 rpm) 
  Bake (110 oC for 4 min) 
       Edge bead removal  
       Expose: 48 s (Aligner C)  
  Power: ______W; Time: ______s 
  Develop in AZ421K (~ 60 s): _______s 
 
 
17. ______Bottom contact (n):   O2 plasma descum (300W for 3 min) 
       DI rinse (10 min) 
  Dip in 1:1 HCl:DI for 20 s     
       Target: 400 Å Au-Ge / 200 Å Ni / 1500 Å Au 
         Actual:  ____Å Au-Ge / ____Å Ni / ______Å Au  
  
       
18. ______Metal liftoff:    Boiling acetone (40 oC) / Squirt gun 
 
 
19. ______Oxidation:     Do rate calibration using small sample 
       Oxidation Rate: ______µm/min 
102 
 
       For full sample: Time: ______min 
         Rate: ______µm/min  
 
 
20. ______SiO2 mask removal:   CF4 RIE for < 4000 Å (~ 15 min) (see color) 
       Check if the mesas conduct  
  Continue etching 2 or 3 min increments until  
     mesas conduct  
  Time: _______min 
 
 
21. ______Planarization (PI):               Degrease 
       Dehydration bake (125 oC for 3 min) 
       PI/HD 4001 spin (60 s 2500 rpm) 
       Edge bead removal with razor blade 
                 
       Bake (90 oC for 4.5 min) 
     -step edge bead: ________μm  
       Expose: 0.6 min (Aligner C) 
       Develop with PA400D: _______s (80 s) 
       Rinse with PA400R: _______s (60 s) 
                                                              Alpha-step: _____ μm (double required height) 
  PI cure (PI should shrink down by ~ 50%) 
 (ramp up 5 
o
C /min – 200 oC soak 30 min) 
 (ramp up  5 
o
C /min – 365 oC soak 2 hr) 
 (ramp up  5 
o
C /min – 400 oC soak 10 min) 
 (ramp down 10 
o
C /min – 25 oC) 
                               Alpha-step: _____μm 
  Master/Slave etch: 90W (RF: 30%), 200mT,  
     60% O2, 10% CF4    
  Time: _____min (~ 2–3 min) (rate ~ 0.3 μm/min,  
     etch until openings are clear)  
                                                              Alpha-step: _____μm 
 
 
22. ______Fan metal     Degrease 
      photolithography:    Dehydration bake (125 oC for 4 min)  
 HMDS spin (10 s 4000 rpm)  
 AZ4330 spread (3 s 500 rpm) 
 AZ4330 spin (30 s 5000 rpm) 
 Bake (95 oC for 90 s) 
 Edge bead removal 
103 
 
 Expose: 35 s (Aligner A) 
 Power: ______W; Time: ______s  
 Develop in AZ 400K (~ 90s): _____s 
 
 
23. ______Fan metal (p):    O2 plasma descum (300W for 2 min) 
       DI rinse (10 min) 
       Target:  150 Å Ti / 10000 Å Au 
         Actual:  ______Å Ti / ______Å Au 
 
 
24. ______Metal liftoff:    Boiling acetone (40 oC) / Squirt gun 
 
     
 
 
